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Abstract 
 
The goal of this thesis is to study the microstrucutre and texture of Yttrium-Nickel- 
Borocarbide and Samarium-Cobalt thin film heterostructures prepared by Pulsed Laser 
Deposition and to establish structure-property relations for these materials in order to 
improve their properties and design new structures. Coincidence site lattice epitaxy was 
explored in most of these heterostructures (substrate, buffer and film) and studied in 
detail for each case. 
Epitaxial thin films of the superconducting borocarbide compound YNi2B2C were 
grown on single crystal MgO (100) substrates without and with Y2O3 buffer layer using 
pulsed laser deposition (PLD). In both cases YNi2B2C grows with [001] normal to the 
substrate. However, the in-plane texture depends on the starting condition. For samples 
without buffer layer, oxygen from the substrate diffuses into the film and forms an Y2O3 
reaction layer at the interface. As a consequence, a deficiency of Y is generated giving 
rise to the formation of secondary phases. On the other hand, using an artificial Y2O3 
buffer layer secondary phases are suppressed. The texture of the Y2O3 layers determines 
the texture of the YNi2B2C film. The superconducting properties of the borocarbide films 
are discussed with respect to texture and phase purity. 
To prevent the formation of an impurity phase at the interface, it was the aim of 
this preliminary investigation to study YNi2B2C films deposited onto single crystal MgO 
(100) substrates with an Ir buffer layer. The Ir buffer layer shows a strong cube-on-cube 
texture onto MgO(100) and also prevents the formation of an Y2O3 interlayer. However, 
during deposition of YNi2B2C the buffer layer disappears by Ir diffusion into the 
borocarbide film. The YNi2B2C film exhibits a c-axis texture consisting of four 
components. As a consequence of these effects, the superconducting transition Tc90 
equals up to 13K, but with a transition width of 4K. 
In the second part of this work, hard magnetic Sm-Co/Cr films were epitaxially 
grown on MgO(100) and (110) substrates. They were characterized by X-ray pole figure 
measurements and transmission electron microscopy. For films deposited on MgO(100) 
at 700ºC, orientations are found with the c-axis aligned in-plane and out-of-plane. By 
 iv 
lowering the deposition temperature to 370ºC, the out-of-plane orientations disappeared. 
Further lowering to 350ºC leads to the formation of amorphous regions in the SmCo5 
film. 
For films grown on MgO(110) the Cr buffer deposition temperature plays an 
important role. When deposited at 700°C Cr(211) and (100) growth is observed leading 
to two different types of SmCo5 in-plane orientations. By lowering the Cr-buffer 
deposition temperature to 300ºC only one buffer and one SmCo5 orientation exists: 
Cr(211)[011]  and SmCo5 (1010)[0001] . The exact orientation relationships between 
substrate, buffer and films are explained and their correlation with magnetic properties 
are discussed.  
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1 Introduction 
 
1.1 Motivation 
The discovery of superconductivity (Mazumdar et al. 1993, Nagarajan et al. 1994) at 
a relatively high transition temperature Tc  13 K in multiphase samples of the 
quaternary system Y-Ni-B-C took place nearly eight years after the discovery of high-
Tc superconductivity in cuprates. It has opened up a new area of research in 
superconductivity on quaternary and multinary borocarbide superconducting 
materials. The very occurrence and survival of superconductivity in several members 
of the borocarbide family, having a high Ni content and a rather large fraction of 
moment-bearing rare-earth atoms, has raised fundamental questions in 
superconductivity. Some of the phenomena associated with the interplay of 
superconductivity and magnetism in borocarbides have never been observed before in 
any superconducting material including high-Tc cuprates. This makes 
superconductivity in borocarbides an exciting and important event. We comment here 
on some of these novel phenomena and features that distinguish borocarbides from all 
other known superconducting materials. The purpose is to highlight certain novel 
aspects of borocarbide superconducting thin films. 
Multiphase materials of the Pd-based system Y-Pd-B-C exhibit (Cava et al. 
1994) a very high Tc  24 K. In the next years Szillat et al. (1996) reported 
superconductivity at Tc  15.5 K in samples of the quaternary system Y-Ni-B-C. It 
must be mentioned here that the possibility of a superconducting phase, with Tc  23 
K, in the Y-Ni-B-C system had already been suggested from microwave studies 
(Kadam et al. 1994) of YNi2B2C. These Tc values are the highest reported in bulk 
intermetallics (non-oxide, non-copper materials). High Tc values in intermetallics are 
of significance not only from the consideration of the phenomenon of 
superconductivity but also from the applications point of view. It is the hope that 
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quaternary and multinary superconductors with still higher Tc may be discovered, as 
happened in cuprate superconducting materials. 
The class of RE-Ni2B2C (RE = rare earth) is very interesting with respect to an 
expected anisotropy of electrical and magnetic properties due to a layered structure, 
and intriguing interplay between superconductivity and magnetism. Although many 
detailed studies have been reported on these compounds in polycrystalline bulk form 
or in single crystals (Takagi et al. 1994) to our knowledge only few reports exist on 
thin films grown ex-situ and their characterization. The wide availability of in-situ 
deposited, high quality films of R-Ni2B2C would certainly be of great importance to 
perform a series of key experiments (tunneling spectroscopy and Josephson Effect in 
planar junctions, high sensitivity microwave measurements, etc.), both to understand 
the nature of superconductivity in this class of compounds and to explore possible 
applications. There are two reasons for depositing highly textured Y-based 
borocarbides: (i) superconductivity is not completely understood and, in particular, 
many discussions on the possibility of unconventional pairing arise from different 
measurements on bulk samples (anisotropy of the upper critical field within the basal 
plane (Wang et al. 1994), anomalous behavior of the electronic specific heat (Hong et 
al. 1994), etc); (ii) the properties of the non-magnetic borocarbides are not so strongly 
affected by small variations from perfect stoichiometry and this simplifies the 
optimization process, which can be exploited successfully for the deposition of the 
magnetic borocarbides. 
The magnetism of thin metallic films and multilayers has attracted much 
attention in recent years for both fundamental research and advanced technological 
applications. It is noted that magnetism in these systems can often be characterized by 
specific magnetic anisotropies. For example, the perpendicular surface (interface) 
anisotropy can exist in ultra thin magnetic films (multilayers) as a consequence of 
symmetry breaking in the surface (interface) (Crepieux et al. 1998). There also has 
been an increasing interest in understanding the relationship between the magnetic 
anisotropies and the crystal structures. It is found that the magnetic anisotropies of the 
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thin films may depend strongly on the underlying templates (substrates or buffer 
layers) (Krebs et al. 1986, Florezak et al. 1990, 1991, Metoki et al. 1993). 
Research on the synthesis of rare-earth (RE) transition metal(TM) films for 
permanent magnetic applications mainly has focused on controlling the texture of the 
films either by varying the growth conditions or using textured buffer layers. 
Considerably less attention has focused on the growth of epitaxial RE-TM films. 
However, it is well recognized that the growth of epitaxial, elemental TM films and 
superlattices has proven essential in elucidating the role of crystal orientation and 
structure on magnetic properties such as giant magneto resistance and interlayer 
coupling. It is clear that growth onto epitaxial buffer layers allows to determine the 
phase and orientation of rare-earth transition metal (RE-TM) films. Such an approach 
has also been extensively exploited in the development of longitudinal recording 
media. Textured Cr buffer layers are used to maintain the Sm-Co films’ anisotropy in 
plane via epitaxial growth, which in turn promotes high in-plane coercivities. As 
storage density increases, higher anisotropy materials may be needed to maintain the 
thermal stability of the media. 
Sm-Co materials show tremendous potential for permanent magnet films on 
account of their high anisotropy fields, moderately high saturation magnetization, and 
equally important, a high Curie temperature which enables scope for high temperature 
applications. The wide interest in these materials arises due to their large uniaxial 
magneto-crystalline anisotropy, which defines a fixed direction of the easy axis. 
Therefore, Sm-Co films can be used for a variety of applications in micro-
electromechanical systems (MEMS), where strong oriented fields are needed. This 
requires, however, a controlled growth of the compound with well-defined orientation 
of the easy axis, which is the c-axis in majority of the Sm-Co compounds. Epitaxial 
growth on Cr buffers has been demonstrated in nominal Sm2Co7 films by sputter 
deposition. In this work the possibility of using pulsed laser deposition (PLD) to 
develop epitaxial growth with well-oriented easy magnetization axis was investigated. 
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1.2 State of the art 
1.2.1 YNi2B2C thin films 
The first hint of superconductivity in borocarbides came in 1993, when it was 
wrongly attributed to the ternary YNi4B (Mazumdar et al. 1993). Subsequently, the 
same group reported that the superconductivity was in fact due to C impurities in their 
samples, and could be enhanced by the introduction of an increased amount of C, and 
a reduction in Ni (Nagarajan et al. 1994). A short time later, Cava et al. (1994) 
established the superconducting phase to be RE-Ni2B2C, at the same time reporting all 
of the currently known superconducting members of the series, with exception of 
ScNi2B2C (Ku et al.1994) and DyNi2B2C (Tomy et al. 1995). (DyNi2B2C was initially 
incorrectly reported to be non-superconducting, most likely due to the fact that it is 
one of extremely few compounds to order magnetically above its superconducting 
transition temperature Tc). Not very much later (Sarrao et al.1994), the series was also 
extended to the actinides, in the form of ThNi2B2C (Tc=8.0 K) and UNi2B2C (non-
superconducting), although this area remains largely undeveloped. 
The Y-containing system was the one in which the first hints of 
superconductivity were discovered (Cava et al. 1994), and as such YNi2B2C is one of 
the most heavily investigated borocarbide material. Also in this work, it was chosen 
as the basis for investigation of this material class. 
As a starting point, the borocarbides are normally considered within the BCS 
framework. In the case of YNi2B2C, electronic band structure calculations (Mattheiss 
1994) show that it is a good metallic alloy, with all atomic species contributing to its 
metallic character. YNi2B2C exhibits a peak in its density of state at the Fermi level, 
with the main contribution coming from the Ni-3d electrons, which is thought to be 
the origin of the (relatively) high Tc. However, because of the electron-phonon 
coupling constant required to produce the observed value of Tc the material may be 
classified as strongly coupled. Strong coupling corrections to the BCS theory 
(Bardeen et al. 1957) produce a good description of many (but not all) observed 
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features of the superconductivity in the borocarbides series. The complex anisotropic 
Fermi surface (Drechsler et al. 1999) is believed to account for further deviations. 
YNi2B2C is a type II superconductor in the clean limit, i.e the mean free path 
of the normal state electrons l is greater than the coherence length . The Ginzburg-
Landau parameter  (=/) is of the order 10, the main uncertainty in its value arising 
from different measurements of the penetration depth . The coherence length lies 
around 10 nm, therefore these materials do not suffer from problems associated with 
weak links arising, for example at grain boundaries. 
The nonmagnetic YNi2B2C may be considered as model compound to study 
the features of superconductivity in the borocarbides, uninfluenced by magnetic 
effects. Its relatively high superconducting transition temperature Tc = 15.6 K is easily 
accessible to a range of experimental techniques. 
The field of study of borocarbides benefited greatly from the rapid availability 
of high quality single crystal samples of almost all the members of the series (Behr et 
al. 1999a). This greatly reduced, but did not entirely eliminate, the reporting of 
misleading results due to low sample quality. Samples in the form of thin films, on the 
other hand, proved somewhat more elusive. Several groups were active in preparing 
thin film samples.  
The first YNi2B2C films were synthesized by magnetron sputtering on MgO 
substrates maintained at room temperature (Arisawa et.al. 1994). By post annealing at 
1050°C, the films were found to transform from the amorphous to the crystalline 
YNi2B2C phase. The films were highly c-axis oriented and showed a superconducting 
transition at 15 K. Similar results were obtained during in-situ growth at 800°C with 
Tc up to 15.3 K (Andreone et al. 1996). Changing the deposition technique to PLD, 
Häse et al. (1997) showed that films deposited at room temperature were completely 
amorphous and, for substrate temperatures below 800°C, the YNi2B2C phase was not 
detectable in the films, neither for post-annealed nor for in-situ grown films. PLD 
experiments by Cimberle et al. (1999) and Wimbush et al. (2001) succeeded in 
YNi2B2C film growth on MgO even at deposition temperatures as low as 720°C and 
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600°C, respectively, by optimizing the deposition parameters. A steady increase in Tc 
with increasing deposition temperature was observed as the formation of the YNi2B2C 
phase improved. Towards the higher temperatures, the Tc of the films approached the 
bulk value, although the ultimate deposition temperature was limited by the tendency 
for films deposited at temperatures higher than 775°C to peel off from the substrate. 
For PLD as well as for magnetron sputtering XRD demonstrates the simultaneous 
formation of Y2O3 (Arisawa et al. 1998, Häse et al. 1997, Wimbush et al. 2001). 
Transmission electron microscopy (TEM) reveals that this oxide exists as a 
continuous interlayer between the MgO substrate and the YNi2B2C film having a clear 
orientation relationship to MgO and YNi2B2C (Reibold et al. 2002 and Cao et al. 
2004b) see Fig. 5.1.10(a). Consequently, textures develop which around 650°C and 
750°C are a- and c-axis oriented, respectively (Wimbush et al. 2001). The a-axis 
oriented film is seen to grow in the two equivalent orientations on the 
substrate YNi2B2C(100)[001]||MgO(001)[100], while the c-axis oriented film grows 
in a single orientation rotated by 45° with respect to the cube-on-cube texture of the a-
axis: YNi2B2C(001)[110]||MgO(001)[100]. Moreover, oxide formation leads to 
deviations from stoichiometry which is balanced by the formation of other phases at 
the interface, such as YNi4B, Ni3B, etc. (Reibold et al. 2002 and Cao et al. 2004a). 
1.2.2 Sm-Co thin films 
High coercivity films of Sm-Co based systems are attractive in the current field of 
research because of their high anisotropy. Highly textured polycrystalline films have 
been provided by using the sputter process (Cadieu et al. 1989, 1992, 1994, 1996). 
Films with a thickness of about 120 m grow with their c-axes nearly randomly 
aligned in the substrate plane. Buffer layers are necessary to grow relatively thick 
films, but in principle arbitrarily thick films of highly aligned Sm-Co can be grown by 
this method. In contrast to this, highly aligned thin films with a thickness of less than 
0.1 m were grown by using substrate film epitaxy (Fullerton et al. 1996, 1997). The 
thicker films as grown by magnetron sputtering are generally more suited for device 
applications. For example such films are used to bias to saturation YIG substrates, 
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(Cadieu et al. 1994) to bias Permalloy films (Hegde et al. 1993) and to construct a 
film based magneto-optic waveguide isolator (Levy et al. 1996).  
To test an alternative method to sputtering, Sm-Co based magnetic films were 
grown by PLD. Although the time averaged deposition rates of sputter and PLD 
deposited films are comparable, in PLD material is only ejected during a series of 
very short time pulses (Lowndes et al. 1996). Thus, the relative mobility of deposited 
surface atoms is much less for PLD than for sputtering, since a complete monolayer 
(atomic layer) can be deposited per pulse. The growth of PLD deposited permanent 
magnetic thin films also has direct impact on the fabrication of thin film scale 
magnetic devices. There have been a few other reports on rare earth transition metal 
magnetic films grown by PLD and mostly confined to Nd2Fe14B. Coercivity either has 
not been reported or was low at less than 1 kOe (Lemke et al. 1996, Yang et al. 1998).  
Various types of orientation relationships between the Sm-Co layer and the Cr 
buffer layer have been observed by TEM. In order to investigate the correlation 
between crystallographic orientation and magnetic properties of Sm-Co films, it is 
desirable to synthesize sufficiently large single crystalline films. An early study of a 
Sm-Co/Cr film system deposited on MgO(100) substrate by PLD revealed a 
bicrystalline structure of a (1120)  oriented Sm-Co layer grown on a (100) 
monocrystalline Cr buffer layer. Recently, similar investigations have been reported 
for sputtered Sm-Co/Cr bilayer films deposited on MgO(100) substrates (Liu et al. 
1995). In the present study, (100) and (110) surfaces of MgO single crystals were 
used as substrate for the growth of Sm-Co/Cr systems. The MgO substrate is more 
suitable than any other substrate because of its superior lattice matching and surface 
stability. In this work we study homogeneously deposited, stoichiometric SmCo3-
Sm2Co7-SmCo5 films deposited at temperatures ranging from 350oC to 700oC. 
1.3 Outline 
The work begins with elucidating some of the well-established theories used to 
describe different aspects of the superconducting state. The focus is on those theories 
that provide a direct model of the experimentally observed behavior, and which will 
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be applied to the experimental results. Moreover, the crystallographic nature of the 
samples studied, the techniques of sample preparation and characterization are 
described. In addition pole figure measurements are presented in order to determine 
the preferential growth of the films. The main part describes the results on the 
microstructure of the films studied with transmission electron microcopy (TEM) in 
order to determine the phase content of the films and their orientation relationships 
with the substrate. 
YNi2B2C thin films have been prepared by several groups using both 
sputtering and PLD, however most of these works focus on the processes of thin film 
preparation and property characterization. Works concerning microstructure 
investigation, especially TEM characterization are still limited. Repeated X-ray 
diffraction shows that an Y2O3 phase exists in YNi2B2C thin films, which is 
considered to be the surface oxidation of the YNi2B2C thin films. Another report 
shows that the formation of Y2O3 is due to film-substrate reaction but the detailed 
characterization is not available. Thus, it is the objective of the current work to 
investigate the microstructure of YNi2B2C thin films by TEM. Emphasis will be 
placed on studying the location of Y2O3 growth (surface of YNi2B2C film or 
MgO/YNi2B2C interface), its influence on the formation of impurity phases in the 
YNi2B2C film, the orientation relationships of Y2O3 grains with YNi2B2C and the 
correlation between microstructure and macroscopic physical properties. 
To avoid an uncontrolled formation of the Y2O3 interfacial layer with the 
intention of eliminating impurity phases, in the present work an Y2O3 buffer layer was 
first deposited on the MgO substrate and the resulting Y2O3 buffered MgO then was 
used as substrate for deposition of YNi2B2C.  
With the same intention of preventing the formation of an Y2O3 reaction layer, 
Ir was used as buffer. The reason for choosing Ir is that the lattice parameter of Ir (a = 
0.383) lies in between YNi2B2C (a = 0.352 nm and c = 1.09 nm) and MgO (a = 0.421 
nm). Consequently, a good epitaxial growth of Ir on MgO and YNi2B2C on the Ir 
buffer layer may be expected. 
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The second part of this work begins with elucidating some of the well-
established theories used to describe and explain different aspects of the magnetic 
anisotropy. The focus is on those theories that provide a direct model of the 
experimentally observed behavior, and which will be applied to the experimental 
results. The crystallographic nature of the samples studied, the techniques of sample 
preparation and characterization are described.  
Epitaxial growth has often been the key to the development of new materials. 
Recently, heterostructures combining very dissimilar materials have generated much 
interest because of novel properties are expected to be realized, such as in the case of 
hard magnetic thin films (Sm-Co, FePt, CoPt). The basic scientific understanding of 
the epitaxial growth and defect formation mechanism is of particular importance 
because the microstructure strongly affects various physical properties of the system. 
It is the purpose of this work to illustrate the role of the coincidence site lattice (CSL) 
for explaining the appearance of epitaxial interfaces in various large-misfit systems. 
In contrast to a previous work already treating the CSL model almost exclusively for 
metal systems (Vook et al. 1982), the present work demonstrates the applicability of 
the model to systems which are of great technological interest. 
Sm-Co thin films have been prepared by several groups using both sputtering 
and PLD, however most of these works focus on the thin film preparation and the 
magnetic properties and their characterization. Works concerning microstructural 
investigation, especially TEM characterization are still limited. The samples were 
investigated by X-ray diffraction to check that the nominal film composition is 
Sm2Co7 to SmCo5, such compositions are well studied in bulk form as well as in 
sputtered films.  
This work begins with optimizing the PLD parameters such as deposition 
temperature and laser repetition rate in order to achieve the Sm2Co7 phase on the 
substrate. It has been found that lowering the deposition temperature from 700ºC to 
500ºC, improves the crystallographic texture (c- axis alignement of Sm-Co). TEM 
studies are carried out on one of the thin films prepared at 700ºC. Moreover the 
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orientation relationships between MgO(100) substrate, Cr buffer and Sm-Co films 
were determined. The laser repetition rate was kept at 15 Hz during this series. 
To optimize texture, saturation magnetization and coercivity, the SmCo films 
have also been prepared with different compositions ranging from Sm2Co7 - SmCo3 - 
SmCo5, The possibility of aligning the easy magnetization axis of a phase with 
uniaxial anisotropy along certain well-defined directions allows the study of intrinsic 
anisotropies. Epitaxial Sm-Co films are only reported for a nominal composition close 
to Sm22Co78, which mainly consists of the Sm2Co7 phase. Because of a successful 
epitaxial film growth of this phase by PLD an attempt was made to epitaxially grow 
the magnetically much more attractive SmCo5 phase. The SmCo5 phase possesses a 
saturation magnetization 0Ms of 1.10 T, which allows for a theoretical energy density 
(BH)max of 240 kJ/m3. Here, the first successful epitaxial growth of SmCo5 films by 
PLD will be reported. To obtain good SmCo5 phase formation even at lower 
temperatures the pulse repetition rate was lowered to 5 Hz. Epitaxial relations to the 
single crystal MgO(100) substrate and the Cr buffer have explicitly been determined 
by extensive pole figure measurements and a detailed microstructural analysis by 
TEM and high resolution transmission electron microscopy (HRTEM). 
Finally, to break the fourfold symmetry of the MgO(100) substrate and to 
achieve complete uniaxial in-plane (c-axis) alignment of Sm-Co films, such films 
were grown on MgO(110) substrates. The work describes the TEM results on the 
morphology of the Cr buffer layer and deposition temperature and their effect on the 
Sm-Co thin film microstructure in correlation to the magnetic properties. The films 
were well characterized by the techniques mentioned above. The consistency of 
orientations found by TEM and X-ray texture measurements are discussed.  
The main motivation for the use of TEM is that many applicable magnetic 
properties are of extrinsic rather than intrinsic nature. Hence, a detailed knowledge of 
both physical and magnetic microstructures is essential to understand the structure 
property relation in order to optimize the material properties. Many of the materials of 
interest are markedly inhomogeneous, with features requiring resolution on a sub-50 
nm scale for a detailed investigation. Hence, the attraction of TEM is twofold. It 
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offers very high spatial resolution and, because of the large number of interactions 
that take place when a beam of fast electrons hits a thin solid specimen, detailed 
insight into composition as well as crystallographic and magnetic structure. The 
resolution that is achievable largely depends on the information sought and may well 
be limited by the specimen itself. Typical resolutions achievable are 0.2-1.0 nm for 
structural analysis, 1-3 nm for extraction of composition information, and 2-20 nm for 
magnetic imaging. 
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2 Basic aspects 
2.1 Crystal structure 
2.1.1 YNi2B2C 
Classical superconductors cover a large spectrum of chemically different compounds, 
ranging from alloys to chalcogenides and organic compounds, and crystallize with 
very different structures. The highest superconducting transition temperatures are 
observed among representatives of structure types such as the K3C60 type with C60 
fullerene “balls,” the simple cubic Cr3Si (A15) and NaCl types, the Pu2C3 type with C2 
dumb-bells, the layered borocarbides of type LuNi2B2C, the Chevrel phases with 
octahedral metal atom clusters, and the perovskite type, precursor of the high-Tc 
superconducting oxides. When the limit in Tc is decreased, superconducting 
representatives are found for a relatively large number of different structure types. 
A short time after the discovery of the high-Tc superconducting oxides, the 
more than 30-year-old record held by Nb3Ge thin films was reached also by classical 
superconductors. A few ternary borocarbides (e.g., Mo2BC) were known to be 
superconducting below 10 K. However, the discovery that by doping “YNi2B3” with 
small amounts of carbon, Tc could be increased to 13.5 K, and the almost 
simultaneous report on superconducting samples in the Y-Pd-B-C system with critical 
temperatures above 20 K, stimulated an intensive search for superconducting 
borocarbides in 1994. The identification of La3Ni2B2N3 with a closely related 
structure and a superconducting transition temperature of 12 K extended the interest 
to boronitrides. The crystal structures of this family of superconductors are strongly 
reminiscent of those of the high-Tc superconducting oxides. 
Single phase quaternary borocarbides materials R-Ni2B2C belong to the well 
known tetragonal body-centered ThCr2Si2-type structures, Figure 2-1 (Siegrist et al. 
1994). The C atoms occupy a special position in the R plane in this structure. The Ni-
Ni distance (2.45 Å) is shorter than that in Ni metal (2.50 Å), indicating a stronger 
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metallic bond. The highly anisotropic structure (c/a  3) has alternating Ni2B2 and R-
C sheets running parallel to the basal plane. These structural characteristics are 
somewhat similar to those of the cuprate superconductors (see, for instance, 
Aleksiyko et al. 2005), but are quite different from those of the extensively studied 
ternaries RRh4B4 and RMo6S8 which have clusters of the transition metal atoms (see 
Marezio et al. 1973 for the structure of RMo6S8). The existence of clusters of atoms in 
the structure of these ternaries has been regarded responsible for their high Tc 
(Johnston and Braun 1982). Borocarbide superconductors do not have clusters of the 
transition-metal atoms (Ni atoms) but they have a high Tc. 
 
Figure 2-1: Body-centered tetragonal crystal structure ((I4/mmm) of the RNi2B2C 
series (Gupta et al. 1998). 
The LuNi2B2C type is formed by all lanthanide nickel borocarbides. The 
variation of the cell parameters with the radius of the rare earth metal atoms shows an 
approximately linear increase of the lattice parameter a and decrease of c, 
corresponding to an overall increase of the cell volume. The apparently contradictory 
behavior observed for the c-parameter is explained by the relative rigidity of the Ni-
B-C bond. When a larger rare-earth metal atom is inserted into the framework, the R-
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C distances become longer and the translation parameter of the square-mesh RC-
layer, i.e., the a-parameter is increased. Structure refinements have revealed that the 
C-B, as well as the Ni- distances remains approximately constant for the whole series 
of lanthanides. In order to keep the latter unchanged when the a-parameter is 
increased, the tetrahedral angle in the NiB4 unit is progressively decreased. The 
tetrahedra are distorted so that the thickness of the Ni2B2 slab is reduced, and 
consequently also the c-parameter. 
Another important feature connected with the structure of R-Ni2B2C materials 
has been brought out by the Mössbauer studies of DyNi2B2C (Sanchez et al. 1996). 
The isomer shift of the Dy nucleus suggests that the Dy-C plane is insulating which 
implies that electric conduction takes place in the Ni2B2 sheets. This structural feature, 
namely the conducting layers (the Ni2B2 sheets) sandwiched between two insulating 
layers (R-C planes), is quite similar to that of high-Tc superconductors. The electrical 
conductivity in borocarbides, however, is only weakly anisotropic unlike highly 
anisotropic conductivity in cuprate superconductors. 
2.1.2 Sm-Co 
The partial binary phase diagram of the Sm-Co system investigated by Buschow 
1968, 1973; Khan 1974a, 1974b and Williams et al. 1974 is shown in Figure 2-2. Five 
Co-rich compounds SmCo2, SmCo3, Sm2Co7, SmCo5 and Sm2Co17 have been 
confirmed by all these investigators, whereas the existence of two Sm-rich 
compounds Sm3Co and Sm2Co4 were suggested by Buschow (1968, 1973). 
The first phase produced here as film was Sm2Co7 belonging to the hexagonal 
Ce2Ni7–type space group 3P6 / mmc  with lattice parameters: 0.5040a = nm, 
2.4350c = nm. Previous reports have shown that this phase is present in specimens 
quenched from 1000oC and remains unchanged when subjected to annealing at 600oC 
for 33 days and then slowly cooled. Evidently, the two modifications of Sm2Co7 (- 
and -forms) coexist in a large temperature range. Another phase, which is almost 
comparable in chemical composition, is SmCo3. It has the rhombohedral PuNi3-type 
structure, space group R3m  and lattice parameters: a = 0.5048 nm, c = 2.4560 nm. 
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The peritectic temperature is 1200oC (Buschow 1968, Nuastepad et al. 1973, Khan 
1974). 
SmCo5 has a high coercivity and remanence. It has hexagonal CaCu5-type, 
space group P6 / mmm , lattice parameters: a = 4.9998 nm, c = 3.976 nm. Previous 
reports (Buschow 1968, Khan 1974) have shown, that the homogeneity range of 
SmCo5 is rather broad (82.5 to 84.8 at.%Co) at 1200oC, but is reduced markedly with 
decreasing temperature. There are also other phases within this Sm-Co binary phase 
diagram which are not of interest in the present work. The structure of the Sm-Co 
phases will be discussed below. 
 
 
Figure 2-2: Sm-Co phase diagram (Khan 1973). 
The structure of Sm2Co7 of which Ce2Ni7 is an example, and the two kinds of 
SmCo3 structure typified by CeNi3 and PuNi3 (Cromer et al. 1959), are combinations 
of the SmCo2 structure of MgCu2 type and SmCo5 structure of CaCu5 type. All of 
them may be derived from ordered substitutions of Sm atoms in the twofold Co 
position of the SmCo5 structure followed by appropriate shifts of the layers and small 
movements of adjacent Sm atoms in the c-axis (Figures 2-3(b) and (c)). 
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(a)         (b)            (c) 
Figure 2-3: Crystal structure of (a) SmCo5, (b) SmCo3 and (c) Sm2Co7. 
 
 The substitution of a Sm atom by Co in every fourth layer of SmCo5 would give 
the composition Sm5Co19 and a hexagonal cell with 32c ≈ 	. A substitution in every 
fifth layer would give the composition SmCo4 and a hexagonal cell with 40c ≈ 	. 
Layer shifts to produce rhombohedral cells with these compositions is possible. 
Sm5Co19 and SmCo4 structures of this nature have not been observed so far but it is 
possible that they exist.  
In the present study, first it was tried to optimize the conditions to get Sm-Co 
films with a nominal composition of Sm2Co7, which were successfully produced by 
other techniques such as sputtering and vapor deposition. Later on the same 
conditions were applied to produce SmCo5 thin films which until now were not 
produced epitaxially on a Cr buffered MgO substrate by PLD. 
2.2 Misfit accommodation and epitaxial growth 
Epitaxial growth methods have been well developed in semiconductor technology and 
are nowadays established for many systems consisting of thin layers on susbstrates 
with similar crystal structure and only slight differences in lattice constants (see e.g. 
 
Sm2Co7 
24.3 Å 
SmCo3 
24.5 Å 
SmCo5 
3.96 	 
Sm 
Co 
a 
c 
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Bauer et al. 1990). Depending on the epilayer thickness and the magnitude of the 
lattice misfit f0, which is defined by 0 0 0( ) /i i i isf a a a= − , i =1, 2, with the unstrained 
natural spacings of the corresponding atoms in the overlayer 0a  and substrate sa , 
respectively, the epitaxial interfaces appear either coherent or semi-coherent. 
Explanations for the special interface structures are based on linear elasticity theory 
using the assumption that large interfacial regions of good fit are separated by small 
areas of poor fit where the misfit dislocations are located. This assumption is no 
longer valid for large misfit systems, when the dislocation separation comes into the 
range of the dislocation core dimension and, then new concepts have to be developed. 
This situation is very similar to that of low angle grain boundaries which can be 
created by an array of lattice dislocations, whereas large angle grain boundaries are 
described by a periodical repetition of characteristic structural units (Gleiter 1982). 
2.2.1 Basic growth modes 
The initial stage of epitaxial growth consists of the formation of oriented nuclei on the 
substrate surface which can grow and coalesce to form a continuous film. One 
important aspect is whether the growth takes place two-dimensional (2D) or three-
dimensional (3D). There are three basic modes of growth which have been identified 
in heteroepitaxial systems: 2D monolayer-by-monolayer growth which was described 
by Frank and Van der Merwe (FM, Frank et al. 1951), 3D island nucleation identified 
by Volmer and Weber (VW), and an intermediate case which was found by Stranski 
and Krastanov (SK) where 2D growth initially occurs followed by 3D island 
formation (Nalwa, 2002). If thermodynamics can be applied (Bauer 1958), the 
transition from 2D to 3D growth is determined by the specific free energies of the 
substrate surface ( ),sγ  the deposit surface ( )dγ  and the interface ( )iγ  between substrate 
and deposit. 2D growth is favoured if the total surface energy is lowered by adatom 
deposition, i.e., if 
s d iγ > γ + γ .   (2-1) 
The adatoms strongly interact with the substrate, reflecting a complete wetting 
behavior. In contrast, 3D growth requires the opposite inequality in eq. (2-1), i.e., the 
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cohesive interaction of the adatoms is stronger than the adhesion to the substrate. The 
SK growth mode is described by the fact that the interfacial energy, which basically 
describes the chemical bonding, is extended by a thickness-dependent strain term 
(Maree et al. 1987). This description is actually much too simple to describe all 
relevant cases in heteroepitaxy. In particular, metastable growth modes controlled by 
the kinetics may occur in modern epitaxial growth techniques, like for instance 
molecular beam epitaxy (MBE) and PLD. But also in these cases, the initially forming 
interfacial structure and thus the corresponding interfacial energy remain most 
important for epitaxial growth and the resulting defect microstructure. 
 In semiconductor heteroepitaxy of covalent materials, there is a strong interaction 
between film and substrate. Large differences in the lattice constant, the crystal 
structure or the orientation across the interface must be accommodated by strain 
relieving features creating covalent bonds across the interface. The chemical energy is 
assumed to be negligible. The amount of strain as well as the way of plastic relaxation 
is strongly correlated to the growth mode. The present work deals with very large 
misfit systems where the major accommodation process occurs in the initial stage of 
3D growth. 
2.2.2 Natural lattice misfit 
In the case of low misfits (i.e., less than 10%) the theories of Van der Merwe and 
Matthews describing the interface formation during epitaxial growth are well 
established and experimentally verified for a large number of systems (Van der 
Merwe 1973, Matthews 1975). The epitaxy starts with a 2D pseudomorphic growth, 
i.e., the lattice misfit is accommodated by a coherently strained overlayer associated 
with the continuity of lattice planes across the interface. At a critical thickness, the 
accumulated strain energy is reduced by relaxation processes via morphological 
instabilities and dislocation nucleation and glide (Schowalter 1996). The ultimate 
result is a semi-coherent interface, where large areas of preserved coherency are 
separated by localized misfit dislocations. If the substrate is assumed to be rigid and 
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the elastic strain is built up only in the thin epilayer, the natural lattice misfit is given 
as the sum of two contributions (Matthews 1975): 
0 el plf = ε + ε     (2-2) 
plε  is the misfit strain accommodated by the dislocations (ignoring non-linear 
contributions) and elε  is the residual elastic strain in the epilayer, 
1 2 1( ) / ,el a a aε = < > − where a1 and a2 are the lattice parameters of the two different 
layers. If the misfit dislocation is defined by the Burgers vector b, which is identical 
to the dislocation type of the bulk material, then plε is determined by the mean 
spacing Df between the dislocation lines by 
/pl f fb Dε =     (2-3) 
Here, fb  is the Burgers vector component parallel to the interface that is responsible 
for the misfit strain relief. A minimum distance min /f f oD b f=  has been adjusted when 
the overlayer has reached its bulk lattice constant and the total misfit is relieved by 
plastic relaxation. A completely relaxed epilayer is almost impossible to be achieved 
because dislocation nucleation and glide motion needs to overcome an energy barrier 
and its driving force presumes a sufficient amount of residual strain.  
 This description of an epitaxially formed interface is only useful for low-misfit 
systems because the dislocations have to be well separated: if 0f  is larger than 10%, 
the dislocation distance comes into a range where the dislocation cores overlap. 
Considering that the dislocation core is defined as the region, inside which the elastic 
stress-strain relation is no longer linear, the total strain energy cannot be specified 
anymore as the sum of both contributions as given in eq. (2-2), and a new concept of 
interface structures has to be developed. 
2.2.3 Coincidence site lattice 
The occurrence of epitaxy in large-misfit systems must be connected with a special 
interface configuration exhibiting a low total interfacial energy. Being confident that 
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the strain energy represents the most important part of the total interfacial energy (as 
mentioned above, the chemical energy is assumed to be negligible), the occurrence of 
epitaxially oriented interfaces can be explained by a near coincidence site lattice 
(CSL) model (Fletcher et al. 1975). Perfect coincidence sites between the epilayer 
lattice ea  and substrate lattice sa would occur when / / ,e sa a m n= where m and n are 
positive integers (Figure 2-4(a)). If 1m n= + , there is one extra lattice plane in each 
unit cell of the CSL, i.e., a geometrical edge type dislocation is generated. It has to be 
pointed out here that expression “geometrical” misfit dislocation is used in order to 
distinguish the physical nature between these and the conventional misfit dislocations 
defined in the previous paragraph. The geometrical type of misfit dislocation does not, 
in general, correspond to a bulk dislocation that moves to the interface, but it is 
directly generated at the interface during the formation of the 3D critical nuclei. This 
means that the dislocation character depends on the symmetry of the CSL. In this 
sense, the Burgers vector of such a geometrical dislocation must not necessarily be an 
invariant vector as it is in the bulk lattice (Ikuhara et al. 1994). Therefore, the energy 
of such a dislocation depends on the local bond creating strong coherency stresses 
(Figure 2-4(b)). It can be assumed that an interface forming a CSL is energetically 
more favorable than a complete incoherent interface. This latter type of interface is 
characterized by the lack of any continuity of lattice planes implying that no 
relaxation has occurred. 
 In general, the epitaxial hetero-system is not expected to be at exact coincidence, 
and a CSL misfit 0F  expresses the deviation from perfect coincidence as 
0 ( ) /s e sF ma na a= −    (2-4) 
This deviation introduces a strain associated with each CSL unit cell, but the amount 
of 0F  is of course much smaller than that of 0f . Therefore, the energy of an interface 
is expected to be small and epitaxy is favoured if 0F  does not deviate substantially 
from true coincidence. In analogy to eq. (2-2) the CSL misfit can also be subdivided 
into two contributions (Vook 1982): 
0 el plF E E= +    (2-5) 
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elE is the elastic strain caused by the deviation from exact coincidence and plE is the 
strain accommodated by CSL misfit dislocations which are characterized by the 
Burgers vector Fb . Consequently, plE  can be expressed by the spacing FD  of CSL 
misfit dislocations: 
/pl F FE b D=     (2-6) 
This type of dislocation will be generally introduced at the interface during a later 
stage of growth. At the minimum distance min 0/F FD b F= , the total coincidence misfit 
strain 0F  is relieved. While the geometrical misfit dislocations are only detectable on 
an atomic scale, the spacing of CSL misfit dislocations must be rather large as already 
assumed for defining eq. (2-5). 
 
 
Figure 2-4: Coincidence models of an interface with large lattice misfit: (a) perfect 
coincidence lattice with a lattice plane ratio of m/n = 6/5, (b) CSL with coherency 
relaxations within the unit cells, (c) situation as in (a), however, with a slight 
deviation of 1/80 forming a new coincidence unit with 19/16 = 6/5-1/80. 
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Alternatively to the model of generating CSL misfit dislocations, the deviation 
can also be accommodated by another type of secondary defect, as schematically 
illustrated in Figure 2-4(c). Thereby, the perfect CSL with its m/n-ratio is interrupted 
by coincidence units having larger or smaller ratios of corresponding lattice planes, 
respectively, in dependence of the sign of the parameter 0F . One can imagine that this 
kind of defect will be more likely generated in systems with larger deviation from 
perfect coincidence. In summary, the actual kind of secondary defect, which is 
responsible for accommodating the CSL misfit, will generally depend on the 
symmetry of the interface, the bonding type and the amount of the CSL misfit value 
as will be discussed in the following. 
2.3 Texture in thin films 
Crystallographic texture in thin films, i.e. the preferred orientation of particular crystal 
orientations relative to the film substrate, is a common and frequently useful 
phenomenon. Important material properties, such as remanent polarization, dielectric 
constant and elastic modulus, are typically anisotropic, and the most effective use of 
anisotropic materials in thin film applications often involves controlling the texture of 
the film. 
The most commonly used technique for texture analysis is the Schulz 
reflection method (Schulz et al. 1949), which is now also widely employed for thin 
film analysis. In this technique, a sample without preferred orientation of crystallites 
is needed for the correction of experimental intensities. However, the elaboration of 
layer compounds with a random texture is practically impossible owing to effects 
such as growth and form anisotropy, layer interactions, etc.  
In a typical laboratory or industrial setting, texture is measured using X-ray 
diffraction. There are certain problems peculiar to the measurement of texture in thin 
films. The most significant is that the intensity of X-rays diffracted from a thin film is 
frequently so small that intensity measurements are of low accuracy. Thin films 
deposited on planar substrates typically display fiber (axis-symmetric) textures with 
the fiber axis parallel to the substrate normal. 
 Basic aspects  24    
   
   
2.4 Superconductivity in non-magnetic borocarbides 
In nickel borocarbides RNi2B2C, antiferromagnetism appears in most members of the 
series both with (R = Dy, Tm, Er, and Ho) and without (R = Pr, Nd, Sm, Gd, and Tb) 
a coexisting superconducting state. Weak ferromagnetism also appears both with (R = 
Er) and without (R = Tb) a coexisting superconducting state. Two compounds (R = Y 
and Lu) are nonmagnetic superconductors and the R = Yb compound has been 
identified as a heavy fermion system with no long-range order observed down to 
about 50 mK. An excellent overview and several comprehensive reviews covering 
superconductivity, magnetism, and other aspects of the nickel borocarbides are given 
by Canfield et al. (1998) and Narlikar et al. (1998, 1999) respectively. A brief 
overview is given of the current state of research in which the interplay between 
superconductivity and magnetism is a central question. Then, the discussion is 
focused on superconductivity exhibited by nonmagnetic YNi2B2C and LuNi2B2C. 
This section closes with a list of open questions on this fascinating family of 
materials. 
A promising theoretical approach of understanding the interplay between 
magnetism and superconductivity in HoNi2B2C (and in the other magnetic 
superconductors in the RNi2B2C family as well) uses the magnetic phase diagram as 
‘‘input’’ along with a relatively conventional BCS superconducting state (Amici et al. 
2000). As the superconducting state itself is essentially assumed to be the same in all 
the nickel borocarbides, in the following focus is put on the behavior of LuNi2B2C 
and YNi2B2C, materials, whose properties are uncomplicated by the appearance of 
magnetic order. 
Despite their similar crystal structure, band structure, and lack of magnetic 
order, LuNi2B2C exhibits significant anisotropy in its upper critical field, while 
YNi2B2C shows vanishingly little (Rathnayaka et al.1997). (It has been suggested that 
the superconducting gap of YNi2B2C is anisotropic in the momentum space, Takagi et 
al. 1997). The upper critical fields of both LuNi2B2C and YNi2B2C are similar. In 
both cases there is a gentle positive curvature below Tc, a curvature which has been 
observed in several unusual superconductors and which can be explained within 
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several theoretical scenarios (Rathnayaka et al.1997). As the temperature is lowered 
the expected negative curvature appears. This negative curvature, however, does not 
saturate at the lowest temperatures studied (about 20 mK). 
2.5 Magnetism in Sm-Co compounds 
2.5.1 Magnetic Anisotropy 
Anisotropy of materials is an important feature utilized in many applications. The 
most important kinds of anisotropy are based on atomic or geometric aspects, such as 
magneto-crystalline strain, and shape anisotropies. Other forms are surface 
anisotropy, exchange anisotropy and diffusion anisotropy. 
2.5.2 Magnetocrystalline anisotropy 
The magnetic coupling of spin and orbital moments are bound to certain directions in 
the absence of an applied magnetic field H. If one tries to rotate the spins out of these 
easy directions of minimum energy, it is necessary to work against the magneto-
crystalline anisotropy energy density Wc. Cubic crystalline materials have a high 
degree of symmetry. Therefore, it is possible to describe the complex anisotropic 
behavior with a power expansion with only a few constants, Ko (Ko summarizes only 
directions-independent contributions), K1 and K2. For cubic crystals the energy 
density can be written as  
2 2 2 2 2 2 2 2 2
0 1 1 2 2 3 3 1 2 1 2 3( ) ...........cW K K K= + + + + +α α α α α α α α α    (1) 
where i are the cosines of the saturation magnetization sM  with respect to the crystal 
axes [100], [010], and [001]. For hexagonal crystals, Wc only depends on the angle 
 
between sM  and the main axis [0001] of the crystal (in the absence of anisotropy in 
the (0001) plane): 
Wc = K0+K1sin2
 +K2 sin4
+………      (2) 
In simplified cases of only one anisotropy constant, it is also usual to define a 
fictitious anisotropy field, 
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Magnetocrystalline anisotropy constants can be determined from the torque 
ϕ∂ϕ∂= )(W T  acting on an oriented single crystal sample (e.g., sphere, circular 
plate). 
Distinct magnetocrystalline anisotropy can be macroscopically found only in 
single crystalline or textured materials. Otherwise, the grains are oriented randomly 
with respect to their easy direction, which leads to macroscopically isotropic 
behaviour, but the magnetization process of polycrystalline materials reflects the 
values of the anisotropy constants. 
2.5.3 Coercivity of permanent magnetic thin films 
The mechanism of coercivity is the enduring topic of magnetism. The Stoner-
Wohlfarth model (SW, Stoner et al. 1948) is still the most promising time-
independent model to date (Artherton et al.1990). This model, based on the rotation of 
magnetic moments of single-domain particles with respect to their easy axes, gives 
the coercivity Hc = HA =2K/0Ms for a bulk material with an easy axis parallel to the 
applied field direction. Here K is the dominant crystal anisotropy constant, and Ms is 
the saturation magnetization. The coercivity of both experimental and technical 
magnets, however, is much less than that given by the SW model (Zhao et al. 2005). 
The discrepancy has been generally attributed to crystal defects and inter-grain 
interactions. 
 Two main approaches have been proposed to resolve the discrepancy. One is the 
micromagnetic approach and the other is a phenomenological ‘global’ model. Both 
methods can solve the discrepancy by choosing adequate parameters. However, their 
underlying philosophies are different (Givord (ed) 1996). The micromagnetic 
approach can differentiate the reversal mechanism whereas the global approach 
cannot. Thermal activation effects are intrinsically considered in the ‘global’ model 
while they are, however, neglected in the micromagnetic approach. 
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 These models are more accurate than the SW model but much more complicated. 
In many cases they cannot give the important underlying physics or analytical results. 
Consequently, the simple SW model, which was proposed 60 years ago, is still widely 
used in the study of magnetism, especially by experimentalists. In view of this, it is 
necessary to make a compromise between simplicity and accuracy.  
 A new analytical model was proposed recently to investigate the important role 
played by the transition region in the reversal process of permanent magnetic 
materials (Zhao et al. 2002). The concept of the transition region has been discussed 
in detail in (Zhao et al. 1999a). It successfully explains the remanence enhancement 
effects in both single-phase and composite nanostructured permanent magents (Zhao 
et al. 1999b). Such a transition region has also been observed, in some experiments 
(Hadjipanayis et al. 1988) where it is called an intergrain domain wall. The transition 
region formed as a result of exchange interaction between grains of different easy-axis 
orientations can propagate just like a domain wall, provided it is energetically 
favorable. In addition, it also plays a role similar to that of conventional defects by 
nucleating a domain wall thereby reducing the coercivity. 
2.5.4 Magnetization process 
Figure 2-5 shows schematically the process of increasing the macroscopic 
magnetization by applying a magnetic field to a ferromagnetic material. In the 
absence of H the spin moments are equally distributed along the four easy directions 
in this example. At weak fields the domain walls move to increase the volume of the 
domains with the smallest angle between magnetization direction and magnetic field 
vector at the expense of the others. This motion is caused by the torque acting on the 
magnetic moments within the tiny volume of the wall, where exchange energy and 
anisotropy energy are in a fine balance. These easy domain wall displacements are the 
reason for the high permeability of soft magnetic materials and determine their 
technical applications. 
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1. Coherent rotation - Stoner-Wohlfarth theory 
Stoner and Wohlfarth introduced a simple model for magnetization reversal in single-
domain particles in 1948 (Stoner et al. 1948). They assume that the magnetization in 
these particles is always homogeneous; i.e., the magnetization rotates coherently. For 
a single-domain particle with uni-axial anisotropy constant K, magnetization Ms and 
volume V in an external field H, as shown in Figure 2-6, the total energy is given by 
2Vsin ( ) VH cos( )sE K M= − −θ ϕ θ    (4) 
where  and  are the angles between the magnetization vector and the applied field, 
and the easy axis and the applied field, respectively. The total energy is a function of 
the angle . A necessary condition for an energy minimum dE/d = 0, can be written 
as 
2
sin( ) cos( ) sin( ) 0
s
K H
M
− − + =θ ϕ θ ϕ θ   (5) 
The stability of the magnetic state requires that 2 2 0 :d E d >θ  
2
cos 2( ) cos 0
s
K H
M
− >θ ϕ θ     (6) 
 
 
Figure 2-5: The effect of an applied field on a simplified domain structure. Rotation 
of the domains’ magnetization starts before the end of the wall displacements only if 
strong stray fields can be avoided. (Handbook of thin film materials, Nalwa 2002). 
It is easy to solve Eq. (5) for the special cases 0=ϕ (applied field parallel to the easy 
axis) and o90=ϕ (applied field perpendicular to the easy axis). Figure 2-7 shows the 
hysteresis loops calculated with Eq.(5). For 0=ϕ , starting from positive saturation, 
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the magnetization remains along the easy axis until the applied field 
reaches 0(2 )c sH K M= µ , then the magnetization reverses to the opposite direction. 
In this case, the coercivity is equal to the anisotropy field H. When the applied field is 
perpendicular to the easy axis o( 90 )=ϕ , the particle only rotates reversible with the 
applied field. For the intermediate cases o o(0 90 ),< <ϕ the magnetization process 
consists of both reversible and irreversible processes. First, the magnetization 
undergoes a reversible rotation away from the field direction as the field is reduced 
from the initial saturating state, reaches the easy axis at H = 0, and then rotates further 
away from the initial field direction towards the reverse direction. At a reversal field 
equal to the nucleation field (or switching field) where 2 2 0d E d =θ , the M-H loop 
becomes steep corresponding to large irreversible angular changes in the 
magnetization direction. 
 
 
Figure 2-6: Diagram of a particle with S-W easy axis in an external field H. 
2. Hard magnetic materials 
A permanent magnet is used to provide a magnetic field outside its boundary. In the 
absence of both an additional magneto motive force and an applied field it is operated 
in the second quadrant of the hysteresis loop (demagnetization curve) as shown in 
Figure 2-7. A high stability is achieved if the knee of the B (H) curve is far below the 
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operation point, otherwise a changing air gap or strong applied fields could partly 
demagnetize the magnet, especially at elevated temperatures. In addition to high 
coercivity and high remanence magnetization, the maximum energy product |BH|max is 
an important factor in the choice of the optimum operation point.  
Basically, high remanence and high coercivity fields can be achieved by the 
different ways in which the remanent magnetization process is accomplished. 
 
 
Figure 2-7: Hysteresis loops for different orientations of the easy axis of a S-W 
particle. 
 
(1) Domain wall pinning: Coercivity increases as domain wall movements are 
impeded by intended, artificial imperfection. These pinning type magnets 
have in general smaller coercivity and energy products compared with the 
second group (see (2)). 
(2) Domain nucleation: The grains are in a mono-domain state because of a 
strong initial applied field. To reverse the magnetization, strong fields are 
necessary for the nucleation of oppositely magnetized domains, which 
results in high coercivity values (nucleation-type magnets). 
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(3) Irreversible magnetization rotation: Within small, isolated volumes (grains 
or particles) without domain walls but with high anisotropy, magnetization 
reversal is only possible through rotation processes. When the spontaneous 
magnetization rotates beyond the direction of maximum anisotropy energy 
density, its position becomes unstable and the magnetization jumps 
(switches) at certain field strength irreversibly to the nearest easy 
direction. Corresponding to the switching field, the maximum coercivity 
values are achievable because of high shape and magnetocrystalline 
anisotropy energies. 
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3 Epitaxial thin film preparation 
 
The highest quality borocarbide samples available are polycrystals or single crystals, 
which can reach the size of some centimeters (Cho et al. 1995, Souptel et al. 2005). 
There have been efforts to produce samples in the form of thin films. Whatever the 
deposition technique, the quality of these samples (Canesi et al. 1998, Wimbush et al. 
2001) often is lower than that of bulk samples, because of the difficulties in the 
deposition process and in the choice of an appropriate substrate. Indeed, the lattice 
parameters of this family do not match any of the commonly used substrates 
(perovskites, sapphire, magnesium oxide) and this does not enable simple epitaxial 
growth, as in the case of cuprates. On the other hand, high quality thin films are useful 
both for the study of particular physical properties and for application to any kind of 
device (for instance, borocarbide based Josephson junctions).  
The major part of this work comprises the microstructural characterization of 
the epitaxial borocarbide thin film samples from which the results of the subsequent 
chapters were obtained. The films investigated here were prepared by PLD in the IFW 
Dresden (S.C. Wimbush PhD thesis, 2004). 
The second part of this work explores the growth of high coercive Sm-Co thin 
films. Sm-Co thin films were prepared by PLD under UHV in Ar gas pressure of 0.06 
mbar onto single crystalline MgO(100) and MgO(110) substrates. The nominal 
composition of these films was kept in the range between SmCo3 - Sm2Co7 - SmCo5. 
The samples investigated here were prepared in the IFW Dresden, for details see 
Singh et al. 2004. 
 
3.1 Pulsed laser deposition 
In PLD a pulsed laser is scanned across a target of the material to be deposited. 
Provided the laser has a sufficiently high energy density, each laser pulse vaporizes, 
or ablates a small amount of the target material. The targets used here to prepare the 
borocarbide and Sm-Co thin films are arc-melted polycrystalline materials of the IFW 
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Dresden, which are also used for the production of single crystals and elemental 
targets (Sm-Co, Cr), respectively. For full details of the production process of the 
borocarbide targets see Behr et al. 1999b. A plume of vapor, ejected in a forward 
direction, provides the material flux for the stoichiometric deposition of complex 
oxide materials and multilayers. Its widespread utilization has been made possible by 
the availability of reliable, high-powered lasers. 
The primary advantages of PLD in comparison with other thin film deposition 
techniques are its flexibility and, in the first instance, the stoichiometric transfer of 
material from the target to the substrate. The former makes possible rapid changes in 
the deposition parameters, which is of great benefit in a research environment, while 
the latter provides a ‘head start’ in the production of chemically complex materials 
where stoichiometric target material is available.  
A schematic sketch of the PLD experimental setup is shown in Figure 3-1. A 
high-energy KrF excimer laser beam (wavelength 248 nm) is focused onto the surface 
of a target of the desired material, concentrating a large amount of energy (up to 1.8 J) 
across a small area. This leads to an extreme local heating with instantly vaporizing 
the surface layer of the target which then continues to absorb energy from the laser 
pulse, attaining temperatures of the order of 10.000 K. The resulting plasma expands 
explosively perpendicular to the target surface, and is thus propelled towards the 
substrate. 
The flexibility of the setup lies in its use of the laser beam as the energy 
source, making it indifferent to the nature of the background gas: vacuum, inert gases 
such as argon and reactive gases such as oxygen or nitrogen. The geometry is also 
highly flexible: the target may be positioned above, below or to the side of the 
substrate, while the laser beam may also enter from any direction. In this work, 
advantage is taken by positioning the target above/below the substrate so as to 
minimize the number of droplets/clusters of molten material ejected from the target 
and carried along by the laser plume to the substrate. Along with the difficulty of 
scaling up a PLD system, these droplets are the largest drawback of this deposition 
system. 
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Figure 3-1: Pulsed laser deposition system used for the preparation of thin films 
 
In laser ablation, high-power laser pulses are used to evaporate matter from a 
target surface such that the stoichiometry of the material is preserved in the 
interaction. As a result, a supersonic jet of particles (plume) is ejected normal to the 
target surface. The plume, similar to the rocket exhaust, expands away from the target 
with a strong forward-directed velocity distribution of the different particles. The 
ablated species condense on the substrate placed opposite to the target. 
The ablation process takes place in a chamber either in vacuum or in the 
presence of some background gas. In addition, the substrate temperature has to be 
sufficiently large (700-800°C) and uniform across the whole substrate area to obtain 
epitaxial films. Laser-pulse energy density on the target should also be larger than a 
certain threshold value. For all the films used the energy density was kept constant at 
5 J/cm2. 
For component applications, the film thickness is typically 100-200 nm. With 
a typical deposition rate (10 - 50 nm/pulse), a few thousand laser pulses are required. 
The film area is determined by the dimensions of the central part of the plume and is 
typically 1 cm². The area can be increased by scanning the laser spot across the target 
or the plume across the substrate, by moving the substrate relative to the plume, or by 
increasing the target-substrate distance.  
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Table 3-1: Standard deposition parameters for YNi2B2C films 
 
Parameter Value 
Substrate MgO (001) 
Deposition temperature 600°C – 850°C 
Atmosphere UHV (base pressure < 10-9 mbar) 
Energy density on target ~ 5 Jcm-2 
Laser pulse repetition rate 30 Hz 
Target-substrate separation ~ 2 cm 
Target Stoichiometric single crystal target (YNi2B2C) 
 
As substrate material (100) oriented MgO single crystals (Fm3m, lattice 
parameter a = 0.421 nm) were chosen, in accordance with the general results of 
successful work on borocarbide thin films. It is perhaps somewhat surprising that 
MgO proved to be the most suitable substrate for the growth of borocarbides in spite 
of large lattice mismatch (YNi2B2C lattice parameters a = 0.351 nm, c = 1.057). The 
standard deposition parameters are summarized in Table 3-1.  
In the case of Sm-Co thin films, the UHV deposition chamber was maintained 
with a background pressure of 10-8 mbar and is equipped with a multiple target 
holder. A computer controlled target manipulator moves the element target (Cr, Sm, 
Co) into the beam of a pulsed laser (248 nm, 25 ns, 3 J/cm2) and the ablated material 
deposits on a heated substrate, which is positioned in direct on-axis geometry at a 
distance of 46 mm opposite to the target. Prior to the Sm-Co deposition, the Cr buffer 
layer of about 60 nm was deposited at 700ºC onto a MgO(100) single crystal substrate 
at a pulsed rate of 9 Hz. The laser ablation rate was adjusted in such a way that to 
achieve SmCo3 – SmCo5 onto Cr buffered MgO substrate. The starndard deposition 
parameters are summarized in Table 3-2. 
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Table 3-2: Standard deposition parameters for Sm-Co films 
 
Parameter Value 
Substrate  MgO(100) and MgO(110) 
Deposition temperature 350oC – 700oC 
Atmosphere UHV ( base pressure  10-8 mbar) 
Energy density on target ~3.5 Jcm-2 
Laser pulse rate 5- 15 Hz 
Target substrate distance ~ 46 mm (on axis geometry) 
Target Elemental targets (Sm, Co, Cr) 
 
3.2  Influence of deposition parameters 
The deposition parameter most decisive in determining the growth characteristics of 
most materials is the temperature of the substrate onto which they are deposited. Due 
to the importance of the deposition temperature, throughout the work a number of 
different techniques were employed to estimate this parameter. Typically, the 
temperature of the heater itself is monitored via a thermocouple embedded within it. 
This is used as the control parameter. However, this does not give an accurate 
measure of the substrate temperature, since the substrate is positioned some 
millimeters apart from the heater. Therefore, the substrate temperature was estimated 
via a second thermocouple positioned at an equivalent distance from the heater. The 
whole system was calibrated and checked during a series of test heating cycles using a 
pyrometer focused on the surface of an already coated substrate. (Regrettably, due to 
the close positioning of target and substrate, no line of sight was available during the 
actual deposition to perform this measurement continuously). Throughout this work, a 
unified ‘deposition temperature’ Td, will be quoted. This corresponds to the estimated 
temperature of the substrate surface during the initial stages of deposition. 
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Figure 3-2: Variation of inductively measured Tc with deposition temperature for a 
series of YNi2B2C films deposited under the standard deposition parameters of Table 
3-1. The error bars indicate the transition width (Tc90 to Tc10). The effect of annealing 
on Tc is also shown. (Wimbush, 2004) 
 
For superconducting materials, the transition temperature, Tc, provides an 
ideal characterization quantity for the samples prepared. Therefore, all samples 
prepared were characterized via an inductive measurement of their transition 
temperature. The result for a temperature series comprising some 15 samples is shown 
in Figure 3-2. The samples show a trend of steadily increasing Tc with deposition 
temperature, as might be expected due to better phase formation at higher 
temperatures. The process is limited by the tendency of films deposited at the highest 
temperatures to peel from the substrate on cooling due to stresses resulting from 
differences in thermal expansion coefficients between film and substrate. It is worth 
noting in this respect that the inductive method of determining Tc is a very harsh 
method since it takes into account the complete volume of the sample. 
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Figure 3-3: X-ray diffractogram of the YNi2B2C film directly deposited on MgO 
substrate at a deposition temperature of 750oC. (Co-K radiation, U= unknown phase) 
 
For this reason, Tc values determined via this technique are systematically lower than 
those determined by resistive techniques. Note that the deposition temperatures over 
which good phase formation occurs here (650°C to 750°C) are considerably lower 
than those typically employed for the growth of bulk material (around 1500°C). This 
strongly reduced phase formation temperature is a common feature of thin film 
deposition techniques, due to the increased mobility of the deposited atoms. It is 
particularly evident in PLD, where material is deposited in a high energetic state.  
An essential requirement for good quality films is that the crystal structure and 
spacing between the atoms of the substrate and those of the superconductor should be 
compatible, otherwise strains set up in the films giving rise to point defects and 
dislocations. The substrate is usually obtained from a bulk crystal, which is cleaved, 
polished and then etched chemically to provide a clean, atomically flat surface free 
from steps, islands or unwanted impurities since these can give rise to imperfections 
in the growing film. Ideally, a substrate should provide good mechanical support for 
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the thin film but not interact chemically with it in anyway: it should be 
environmentally stable. Absence of chemical interaction is especially difficult to 
achieve for high deposition temperatures since some component elements are rather 
reactive. Usually it is necessary to grow the film at a relatively high temperature, in 
excess of 700ºC, at which it is difficult to keep the substrate chemically inert. 
Therefore, choice of the substrate onto which the thin film is deposited depends on the 
superconductor and also on the application in mind. Many attempts were made to 
prepare Y-based borocarbide thin films on different substrates (MgO, Al2O3, ZrO2: Y, 
perovskites, natural diamond). The best results were reported only for the films 
deposited on MgO substrates at Td  750ºC, with a superconducting transition 
temperature Tc of 15.25 K. (Andreone et al. 1996, Cao et al. 2004a). But depositing at 
high temperature leads to a release of oxygen from MgO resulting in the formation of 
an Y2O3 reaction layer at the interface between film and substrate (Reibold et al. 
2002, Cao et al. 2004a). As a result of uncontrolled formation of Y2O3, the 
stoichiometry of the borocarbides is affected leading to the existence of impurity 
phases.  
In the case of YNi2B2C films directly deposited on a MgO substrate prepared 
by PLD, it must be noted that a spurious peak is present in almost all diffraction 
patterns corresponding to the (222) reflection of Y2O3 shown in Figure 3-3, and 
reveals the remarkable presence of this oxide. In some cases the situation is much 
more dramatic than that shown. Yttrium oxide peaks are only due to the (222) and 
(444) reflections, which highlights a preferred alignment of (111) of this spurious 
phase in this condition. A comparison between the intensity of the (222) peak of Y2O3 
and (004) peaks of YNi2B2C can give an estimate of the relative amount of these 
phases. This is also confirmed by the fact that a big quantity of Y2O3 would very 
strongly affect the 1221 stoichiometry of the borocarbides, resulting in the formation 
of other phases, not revealed by X-rays.  
Following a report (Grassano et al. 2001) of moderate success in obtaining 
weakly in-plane textured growth of borocarbide thin films, a radical departure was 
made from the typical set of parameters used for PLD, in an attempt to reproduce 
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these results. These parameters distinguish themselves from those more commonly 
(and previously) used for borocarbide deposition primarily in terms of the high laser 
pulse repetition rate (30 Hz), the close positioning of target and substrate (~ 2cm 
separation) and the moderate energy density on the target (~5 Jcm-2). These, 
combined with the absence of a background gas (the deposition is performed under 
ultrahigh vacuum conditions), produce a high total deposition rate measured to be 
around 2 nm per second, an order of magnitude higher than is typically achieved by 
PLD of metallic materials. This increased growth rate is thought to be instrumental in 
achieving a textured growth. 
3.3  Buffer layers 
To avoid the uncontrolled formation of an interfacial layer with intention of 
eliminating these impurity phases, another approach has been to find suitable buffer 
layers. These are layers that are grown directly onto the substrate in order to reduce 
the effect of some of its shortcomings. Some of the problems arising from lattice and 
thermal expansion mismatch can be reduced by using a suitable buffer that has a 
lattice spacing intermediate between that of the substrate and the superconductor. 
Buffer layers can also minimize interdiffusion and chemical reactions between the 
superconducting film and the substrate and may well be crucial in obtaining the best 
match for future borocarbide based thin film applications. Grassano et al. (2001) and 
Häse et al. (2000) used tungsten as a buffer and then deposited borocarbide. This 
effectively prevents Y2O3 formation but other impurity phases are forming. Similarly, 
an iridium buffer could prevent the formation of Y2O3, but due to diffusion of iridium 
into the film this results in the formation of additional phases, which are not yet 
identified (Subba Rao et al. 2004). In the present work an Y2O3 buffer layer was first 
deposited on MgO substrate and the resulting Y2O3 buffered MgO then was used as a 
substrate for the deposition of YNi2B2C.  
3.4  Buffer and cap layers for Sm-Co thin films 
By choosing appropriate substrate and buffer orientations, the symmetry of the in-
plane magnetic anisotropy in Sm-Co films can be controlled. Of particular 
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technological interest is the alignment of the c-axis in registry with the fourfold 
symmetry of the substrate surface. At high deposition temperatures, the release of 
oxygen from the substrate is possible destroying the magnetic properties of Sm-Co 
films. To avoid interfacial reactions it is necessary to find a suitable buffer layer. 
Some of the problems arising from lattice and thermal expansion mismatch can be 
reduced by using a suitable buffer that has a lattice spacing intermediate between that 
of the MgO and Sm-Co film. In the present work a Cr buffer layer was first deposited 
on the MgO(100) substrate at a deposition temperature of 700oC and the resulting Cr 
buffered MgO then was used as substrate for the deposition of Sm-Co films. In the 
case of the MgO(110) substrate the Cr buffer was deposited at 700oC and 300oC. A Cr 
cap layer was deposited at 200oC to cover the Sm-Co thin films in order to overcome 
surface oxidation.  
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4 Characterization methods 
4.1 Measurement of the superconducting transition temperature 
There are two techniques for measuring the superconducting transition temperature 
(Tc) of the samples. One is an inductive technique which measures the shielding of an 
alternating magnetic field by the sample. In the normal state (above Tc), the field 
passes through the sample and is detected as an induced voltage in a pickup coil. 
When the sample becomes superconducting (below Tc), it shields the magnetic field 
(does not allow the field to penetrate). As a result, no voltage is induced, so the 
measured voltage drops to zero. This method is fast and simple but gives only a Tc 
value. It is not a good measurement of any physical properties of the sample. It also 
depends on the entire bulk of the sample to effectively shield the signal. The inductive 
measurement is the one mostly done on all samples to characterize their Tc.  
The second technique is a resistance measurement. This is a direct 
measurement of superconductivity. To make a useful (physically meaningful) 
measurement, it is necessary to pattern the sample into a defined structure (typically a 
20 m x 1 mm bridge), which when knowing the film thickness, allows the 
conversion of the measured resistance value into resistivity (specific resistance, 
independent of sample geometry), but afterwards the sample is no longer suitable for 
further investigations like TEM (for a detailed study on resistivity measurements see 
James et al. 1965).  
The useful data to be extracted from these measurements is the Tc value and 
transition width (Tc). The transition width can be explained as due to having a sort 
of phase variation (slight off-stoichiometry), that causes a spread in Tc values 
throughout the sample. In the case of a resistive measurement, the supercurrents will 
simply travel around the impurity phases, which consequently will not be seen, while 
in the inductive measurement the field passes through the impurity phase (assuming it 
exists over the depth of the sample), see Chabersk 1971. These Tc measurements of 
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the YNi2B2C thin films were measured by S.C Wimbush, IFW Dresden (Wimbush, 
2004). 
4.2 Magnetic hysteresis measurements 
Magnetic hysteresis measurements have been performed in a 9T quantum design 
PPMS vibrating sample magnetometer (VSM). Hysteresis loops were measured in 
different directions: Sm-Co film prepared on MgO(100) substrate two orthogonal 
directions MgO[100] (parallel to the film plane) and MgO[001](perpendicular to film 
plane), MgO(110) substrate two in-plane directions (parallel to MgO[1 10]  and 
MgO[001]) and an out-of-plane (parallel to MgO[110]). The magnetization was 
normalized to the film thickness. These magnetic measurements were measured by A. 
Singh, IFW Dresden. 
4.3 Structural characterization 
4.3.1 X-ray -2 geometry 
The standard technique for the structural characterization of materials is X-ray 
diffraction. This technique was applied to the samples, firstly using -2 geometry for 
identification of the phases present and to obtain an indication of oriented growth. 
With the addition of a three-circle goniometer, the measurement of pole figures 
corresponding to selected peaks was used to determine the texture of the samples. The 
samples investigated here were characterized by X-ray (Co-K) radiation of 
wavelength  = 1.789 Å (for details see textbooks such as Azaroff 1968; Cullity 1978; 
Barrett and Massalski 1980). 
4.3.2 X-ray texture measurement (pole figure)  
Generally speaking thin film diffraction does not refer to a specific technique but 
rather a collection of XRD techniques used to characterize thin film samples grown 
on substrates. These techniques are important to characterize microelectronic and 
optoelectronic devices, where high quality epitaxial films are critical for device 
performance. Thin film diffraction methods are used as important process 
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development and control tools, as hard X-rays can penetrate through the epitaxial 
layers and measure the orientations of both the film and the substrate.  
There are several special requirements on XRD to characterize thin film 
samples. First, reflection geometry is used for texture measurements as the substrates 
are generally too thick for transmission. Second, high angular resolution is required 
when peaks are sharp due to very low defect densities in the material. For example, in 
the Philips MRD used a Ge 4-crystal monochromator produces an incident beam with 
less than 5 arc seconds of angular divergence. A schematic representation of a texture 
goniometer is shown in Figure 4-1. 
 
 
 
Figure 4-1: Schematic representation of a X-ray texture goniometer. The corresponding 
axes of rotation are shown. 
 
Texture measurements are used to determine the orientation distribution of 
grains in a polycrystalline sample. The textured state of a material (typically in the 
form of thin films) can be viewed as an intermediate state between a completely 
randomly oriented polycrystalline aggregate and a single crystal. Textures are usually 
introduced in the fabrication process (e.g. during rolling of a thin sheet metal, 
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deposition, etc.) and affect the material properties by introducing structural 
anisotropy.  
X-ray textures are usually measured as pole figures. A pole figure is measured 
at a fixed scattering angle (constant d spacing) and consists of a series of 
-scans (in-
plane rotation around the center of the sample) at different tilt or -angles, as 
illustrated in Figure 4-1. Here, pole figures were measured by X-ray diffraction using 
Cu-K radiation and a secondary monochromator (Schulz 1949). 
 
4.4 Transmission electron microscopy (TEM) 
(a) Basic principles 
The design of a transmission electron microscope is analogous to that of an optical 
microscope. In TEM high-energy (>100 kV) electrons are used instead of photons and 
electromagnetic lenses instead of glass lenses. The ray path of the electrons is 
schematically represented in Figure 4-2. The electron beam passes an electron-
transparent sample and a magnified image is formed using a set of lenses. This image 
is projected onto a fluorescent screen, a CCD camera, or a photographic plate. 
Whereas the use of visible light limits the lateral resolution in an optical microscope 
to a few tenths of a micrometer, in TEM the much smaller wavelength of electrons 
allows for a resolution of 0.2 nm. 
(b) Imaging 
Image contrast is obtained by interaction of the electron beam with the sample. 
Several contrast effects play a role. In the resulting TEM image denser areas and areas 
containing heavier elements appear darker due to more intense scattering of the 
electrons in the sample. In addition, reflection at crystal planes introduces diffraction 
contrast. This contrast depends on the orientation of a crystalline area in the sample 
with respect to the direction of the incoming electron beam. Thus, tilting a crystal in 
the microscope will cause the grey-level of this crystal in the TEM image to change. 
As a result, in a TEM image of a sample consisting of randomly oriented crystals each 
crystal will have its own grey-level. In this way one can distinguish between different 
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materials, as well as image individual crystals and crystal defects. Because of the high 
resolution of TEM, atomic arrangements in crystalline structures can be imaged in 
large detail. TEM images may be formed either by using the transmitted electron 
beam or by using specific or several scattered electron beams. If the transmitted and 
diffracted beam is selected the resultant image is called a bright-field and dark-field 
image, respectively (Hayes, 1980).  
 
 
Figure 4.2: Schematic representation of a TEM: (a) Bright-field image, (b) selected area 
diffraction mode. 
 
(c) Electron diffraction 
In the case of a crystalline material, electron diffraction only will occur at specific 
angles, which are characteristic for the crystal structure present. In the back focal 
plane of the objective lens, a diffraction pattern of the irradiated area is created 
(Figure 4-2(b)). This pattern can be projected onto the CCD camera using dedicated 
lens settings. In this way crystallographic information can be obtained from thin films, 
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bulk materials as well as nanometer sized particles. Electromagnetic lenses cause an 
image rotation and therefore, if not automatically corrected, the image will rotate as 
the magnification is changed (Kossel and Möllenstedt, 1939). 
 
(d) Chemical analysis 
As a result of the interaction of the electron beam with the specimen, some energy is 
transferred from the electrons to the sample. The excitation and de-excitation of atoms 
and molecules in the sample allow (local) chemical analysis. The combination of 
Scanning Transmission Electron Microscopy (STEM), a mode in which a strongly 
focused beam scans a selected area of the specimen, with chemical analysis 
techniques such as Electron Energy Loss Spectroscopy (EELS) and Energy 
Dispersive X-Ray analysis (EDX) allows for mapping of the lateral distribution of 
elements with high spatial resolution. 
(e) Electron energy loss spectroscopy (EELS) 
When travelling through the sample the electrons may loose energy due to (multiple) 
inelastic scattering events. The amount of energy that is transferred from the incident 
electron to the sample depends on the composition of the sample. Because the primary 
beam of electrons has a well-defined energy, the spectrum of the electrons that have 
passed the sample contains chemical information on the irradiated area. This principle 
is used in both EELS and Energy Filtered TEM (EFTEM). Using EELS an energy 
loss spectrum is acquired. Quantification of the spectrum enables the determination of 
(local) concentrations of elements. The fine structure in the EELS spectra provides 
information on the chemical bonding of the atoms involved. The combination of 
EELS and STEM allows for mapping of the lateral distribution of elements (Egerton 
1996). 
(f) Energy filtered TEM (EFTEM) 
A special filter allows for selection of a very narrow window of energies in the EELS 
spectrum. Using the corresponding electrons for imaging, EFTEM is performed. The 
resulting image is formed by electrons with an element-specific energy loss. As a 
result, a qualitative elemental map is obtained. EFTEM is the only chemical analysis 
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procedure in TEM that does not use a scanning beam. As a consequence, it is much 
faster.  
 
Table 4-1: Overview on the characteristics of various TEM techniques 
 
 HRTEM EELS/EFTEM EDX HAADF 
Spatial 
Resolution: 
Atomic 
Resolution 
(0.2 nm) 
EELS: 0.5 nm 
EFTEM: 1 nm 
1 nm 
Atomic 
Resolution 
(0.2 nm) 
Detectable 
Elements: 
- All 
B and heavier 
elements 
No unique Z 
assignment 
Detection 
limits: - 0.1 % 0.1 % 2 % 
Issues:  
Elaborate sample 
preparation (very thin 
and clean sample 
needed). Very sensitive 
for light elements 
Due to limited 
energy resolution 
some high Z 
elements have 
overlapping spectra. 
Sample 
thickness 
variations and 
voids may 
complicate 
interpretation 
Samples 
Solid materials (amorphous and crystalline): bulk, thin films, particles from 
dispersion or powder. The area of interest should be thinner than 0.1 – 0.2 m. 
For most samples, this implies careful sample preparation. 
In-house 
sample 
preparation: 
Focused Ion Beam (FIB), mechanical (tripod) polishing, dimple grinding, ion 
milling. 
 
(g) Energy dispersive X-ray analysis (EDX) 
High energy electrons may remove electrons from inner shells of sample atoms. 
Electrons from higher shells filling up those holes lead to the emission of X-rays at 
energies characteristic of the atom involved. The detection and analysis of these X-
rays is called Energy Dispersive X-ray analysis. The X-ray spectrum that is obtained 
allows for quantification of the elemental composition of the irradiated area. The 
combination of EDX and STEM allows for mapping of the lateral distribution of 
elements (Russ 1984).  
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(h) High angle annular dark field (HAADF) 
Another way of obtaining compositional as well as structural information using TEM 
is HAADF imaging. For this application a dedicated detector is used only collecting 
electrons that are scattered over large angles by the specimen. The intensity detected 
depends on the square of the average atomic number Z present in the irradiated area. 
In combination with STEM, mass contrast images can be acquired down to the atomic 
level (Pearsons et al. 1973). 
4.4.1 Specimen preparation for TEM 
The cross-section specimen is a special type of self-supporting disc, necessary to 
study interfaces. The initial preparation of cross-sectional discs is greatly facilitated 
by the use of a special kit developed by Gatan. 
To prepare a cross-sectional specimen the following steps are necessary: 
1. Cutting of rectangular wafers 
The pre-sliced specimen is glued face down with mounting wax onto a glass slide. 
The glass slide is secured to the specimen table of the Gatan Ultrasonic Disc Cutter 
with mounting wax. The disc cutter is fitted with a 4 x 5 mm cutting tool to cut out 
rectangular wafers, see Figure 4-3, for step 1. 
2. Formation of a specimen stack 
A specimen stack is made consisting of six 4 mm x 5 mm wafers (dummy) and 
stacked as illustrated in Figure 4-3, Step 2. The specimen having the surface or 
interface of interest should be located face to face in positions 3 and 4 in the middle of 
the stack. 
In many cases, the original specimen slice is only large enough to obtain one 
or two wafers so the remaining four or five wafers are dummy ones of pure silicon. 
One great advantage of using silicon for the dummy wafers (even for cross-sectioning 
other materials) is that their interference fringes can be used to accurately gauge the 
specimen thickness at the 2-5 m level during dimpling.  
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The dummy and specimen wafers are coated with a thin layer of G-1 epoxy. 
G-1 has characteristics that are similar to M-Bond 610 epoxy but offers the following 
advantages: 
1 Fast curing time (5-10 min at 130°C) 
2 Ease of filling both thick and thin gaps between wafers 
3 Long shelf life (1year without refrigeration) 
4 High temperature stability (heated in a TEM hot stage up to 1000°C) 
3. Pressure bonding of the specimen stack 
A spring-loaded vise is used to bond the specimen stack together and the stack is 
cured under pressure for 10 min at 130°C on a hot plate to obtain a strong bond with 
minimum glue thickness. At the end of the curing process the assembly is cooled to 
room temperature. 
 
 
4. Cutting of the cylindrical specimen stack 
The stack is glued into a slotted specimen mount with mounting wax. A 2.3 mm 
diameter cutting tool is used to cut a cylinder from the middle of the stack, see Figure 
4-4. 
 
 
Figure 4.3: Preparation of a cross-section specimen, steps 1 and 2 
 Characterization methods  52    
   
   
5. Strengthening of the cylindrical specimen stack 
The 2.3 mm cylinder is now glued with G-1 epoxy inside a 3 mm diameter metal 
reinforcing tube and cured for 10 min on a hot plate at 130°C. The tube holds the 
fragile cross-sectioned structure together during grinding, dimpling, ion milling 
(especially low-angle milling), and subsequent clamping in the TEM specimen holder, 
see Figure 4-5, for step 5. 
 
6. Slicing of the specimen discs 
The metal reinforcing tube containing the specimen cylinder is sliced into a series of 
250-400 m thick discs with a thin diamond wire saw; see Figure 4-5, for step 6. 
The sliced disc is then ground flat from both sides to a thickness of 
approximately 80 m by using the Gatan Precision Disc Grinder and dimpled 
according to the procedure described in dimple grinding, next section. 
 
 
 
Figure 4-4: Preparation of a cross-section specimen, step 3 
 
 Characterization methods  53    
   
   
 
Figure 4-5: Preparation steps 5 and 6 of a cross-section specimen  
 
7. Mechanical pre-thinning 
The aim of this process is to thin the centre of the disc while minimizing damage to 
the surface of the sample. Specimens are mechanically pre-thinned in many different 
ways. We should keep in mind any damage caused at this stage will have to be 
removed during the final thinning process. Dimpling is generally performed on only 
one side of the specimen and that side of the disc is mechanically polished using felt 
polishing wheels on the dimple grinder as a micro-polishing device. The advantages 
of using a dimplier are as follows: 
1. Shorter preparation times 
2. Location of the region of interest to be thinned 
3. Larger thin area in the center surrounded by thick rim which helps handling 
the fragile specimens 
8. Ion-milling 
Ion milling involves the bombardment of thin TEM specimens with energetic ions or 
neutral atoms, until it is thin enough to be studied in the TEM. A schematic diagram is 
shown in Figure 4-6. The variables controlling this process are accelerating voltage, 
temperature of the specimen, the nature of the ion (Ar, He, or a reactive ion (iodine)) 
and ion beam geometry (angle of incidence).  
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Usually an accelerating voltage of 4-6 keV is used. The ion beam will always 
penetrate the specimen to some extend. To minimize sample damage the incident ion 
beam is inclined to the surface of the specimen, typically low angles (<5º) are used. 
Thus, the energy of the ion beam will be dissipated in a region close to the surface of 
the specimen. Lower beam energy or lower Z ions will also do less damage to the 
specimen, but in both cases milling time will be increased. 
The theory of ion milling is complex. We can define the sputtering yield to be 
the number of atoms ejected per incident ion; the yield depends on the mass of the 
incoming ion. The yield also depends on the ion used and the sample being milled. 
The principal variables are: 
1)  Ion: mass, energy, charge and angle of incidence 
2) Target: mass density, atomic mass, crystallinity, crystal structure and 
orientation 
Ar is used because it is inert, heavy and not naturally present in most samples. Most 
of the thinning parameters are generally fixed except the ion energy, the angle of 
incidence, sample rotation and the temperature of the specimen. 
The specimen is usually rotated (at a few rpm) during thinning, otherwise it 
tends to get surface structures like grooves which run in certain directions. Gatan’s 
precision ion polishing system PIPS combines high-powered ion guns and a low angle 
of incidence (4º) to thin one side of a specimen with minimum surface damage and 
heating. The low incidence angle removes any surface roughness and differential 
thinning problems, while the high-power guns ensure reasonable thinning rates. 
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Figure 4-6: Schematic representation of Gatan’s precision ion polisihing system, 
various parameters are displayed. 
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5 Experimental results and discussion 
5.1 YNi2B2C thin films with Y2O3 buffer/reaction layer 
5.1.1 Y2O3 buffer 
The superconducting transition temperature Tc90 equals up to 11.5 K with a broad 
transition width of ∆Tc = 3.2 K in the case of YNi2B2C films deposited directly onto 
MgO substrate at 750°C. In contrast, a film deposited at 750°C with Y2O3 as buffer 
layer shows the superconducting transition at 14.3 K with a transition width of ∆Tc = 
0.7 K. The large transition width may result from the formation of impurity phases at 
the interface (in the case of YNi2B2C film deposited directly onto MgO substrate). But 
with the use of an Y2O3 buffer layer the YNi2B2C film shows a rather low transition 
width and a high superconducting transition temperature compared to other films. 
Thus, the Y2O3 buffer may have a strong influence on YNi2B2C film growth by 
preventing the formation of impurity phases at the interface and improving the 
epitaxial growth. 
5.1.2 -2 scans  
Figure 5-1 shows the X-ray diffractograms of the YNi2B2C films discussed above. 
The largest peak in both scans arises from the substrate, the MgO(200) reflection. Due 
to the high intensity of this substrate peak, also the corresponding peak arising from 
the K line of the incident radiation is visible. Aside from these, it is possible to 
identify the YNi2B2C (002), (004) and (008) peaks in both films. An important point 
to note is that the (006) peak is forbidden in this material. X-ray analysis of the 
substrate/film system reveals that in the case of YNi2B2C directly deposited on MgO, 
Y2O3 is detected in the form of Y2O3(222) and (444) peaks. 
As shown in Figure 5-9(a) the Y2O3 phase exists as interlayer between the 
MgO substrate and the YNi2B2C film. Thus, it has been suggested that deposition at 
high temperatures leads to an instability of the MgO substrate, which releases oxygen 
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allowing the formation of an Y2O3 layer at the substrate/film interface during 
deposition (Reibold et al. 2002, Cao et al. 2004b). The free energy of formation of 
Y2O3 (-1815 kJ/mol) is smaller than that of B2O3 (-1193 kJ/mol) and NiO (-211 
kJ/mol) (Dean 1985) making the formation of Y2O3 thermodynamically most 
favorable. It is also shown in Figure 5-1(a) that in the YNi2B2C film directly 
deposited on MgO an unknown phase U exists. Indeed, careful analyses of such films 
have revealed small volume fractions of impurity phases such as the orthorhombic 
phase Ni3B (Reibold et al. 2002), the hexagonal phases YNi4B and Y0.915Ni4.12B and 
the monoclinic phase Y2Ni15B6 (Cao et al. 2005).  
All these phases are formed because the 1221 stoichiometry of the film is 
violated by the loss of Y needed for oxide formation. To avoid the uncontrolled 
formation of the Y2O3 interfacial layer and to suppress impurity phases, an Y2O3 
buffer layer was first deposited on the MgO substrate and then this buffered MgO was 
used as substrate for the deposition of the YNi2B2C film. The Y2O3 buffer shows two 
possible orientations such as (111) and (100) on MgO(100) substrate, corresponding 
peaks were identified in the diffractogram. Figure 5-1(b) shows that indeed impurity 
phases are not detected in the X-ray diffractogram. However, it should be mentioned 
that (Cao et al. 2004a) sporadically have seen by TEM Y0.915Ni4.12B at the interface 
between Y2O3 buffer layer and YNi2B2C thin film. The Y2O3 buffer forms a 
continuous layer, which is stable during YNi2B2C deposition shown later in the 
section. Grassano et al. (2001) and Häse et al. (2000) used tungsten as a buffer and 
then deposited borocarbide. This effectively prevents Y2O3 formation but other 
impurity phases are forming. Similarly, an iridium buffer could prevent the formation 
of Y2O3, but due to diffusion of iridium into the film this results in the formation of 
additional phases, which are not yet identified (Subba Rao et al. 2004). 
This work focuses on the effect of Y2O3 buffer layer texture on YNi2B2C film 
texture. It is therefore interesting to compare the different epitaxial relationships 
between buffer layer, substrate and film, in terms of lattice mismatch and the 
corresponding stress-strain state.  
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Figure 5-1: X-ray diffractogram of the substrate/film system: (a) YNi2B2C film 
directly deposited on MgO substrate and (b) deposited on Y2O3 buffered MgO 
substrate. Unknown phase U is indicated. 
5.1.3 Y2O3 texture 
To understand the epitaxial relationships between Y2O3 and MgO substrate, X-ray 
texture measurements were performed. Incomplete pole figure measurements were 
performed on the (222) peak of Y2O3, with a maximum tilt of 70.53° and a rotation 
between -6 and 96° (quarter pole figure) shown in Figure 5-2(a). The pole figure 
exhibits 3 peaks, which are separated by a 30° rotation of the unit cell with respect to 
each other indicating multiple in-plane orientations seen in the schematic 
representation shown in Figure 5-3. 
Owing to these crystallographic considerations, the epitaxial growth directions 
observed in this work can give rather low lattice mismatches. One explanation is that 
the yttrium oxide structure is similar to CaF2 with ordered oxygen vacancies in which 
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the (111) plane has the lowest surface energy of all its cleavages, leading to a 
preferred growth in [111] direction. In the case of (111) planes of Y2O3 on (100) 
planes of MgO with the 110> Y2O3 in-plane direction parallel to 110> MgO, the 
(110) in-plane spacing of Y2O3 (0.74 nm) can superimpose on five (220) planes of 
MgO unit cell (0.745 nm). The corresponding lattice mismatch is 0.3 %. The in-plane 
epitaxial relationship can be written as Y2O3 ])[( 101111 MgO(001)[110].  
 
 
Max: 250 cts/s 
without buffer layer 
(a) 
 
Max: 180 cts/s 
with Y2O3 buffer layer 
(b) 
Figure 5-2: X-ray texture measurements: (a) (222) pole figure of Y2O3 interfacial 
layer formed when borocarbide is directly deposited onto MgO (100) substrate, (b) 
(222) pole figure of Y2O3 buffer layer before borocarbide deposition remaining the 
same after borocarbide deposition. 
To avoid the uncontrolled formation of the Y2O3 interfacial layer with the 
intention of eliminating impurity phases, in the present work an Y2O3 buffer layer was 
first deposited on the MgO substrate and the resulting Y2O3 buffered MgO was then 
used as a substrate for the deposition of YNi2B2C film. The  -2 X-ray diffraction 
pattern shown in Figure 5-1(b), exhibits an intense peak at 34.4°, which corresponds 
to the (222) reflection of Y2O3 and a smaller peak at 39.6° corresponding to (400). To 
study the epitaxial relationships between Y2O3 buffer and the film with respect to the 
MgO substrate and to determine the number of growth directions for each in-plane 
Y2O3 (222) Y2O3 (222) 
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orientation, X-ray pole figure measurements were performed. The quarter pole figure, 
Figure 5-2(b), exhibits 3 peaks separated by 30°, the same as before without any 
buffer layer. But in addition it shows a component at a tilt of 50.73° and a rotation of 
45°. The components can be explained as follows (Figures 5-3 and 5-4).  
 
 
 
Figure 5-3: Epitaxial relationship between the four <111>-axes of Y2O3 crystals (4 
tetrahedra) and the MgO substrate. The corresponding (222) Bragg reflections are 
depicted. The symbols at the apex of the tetrahedra indicate the type of (111) epitaxy. 
The orientation relationship can be deduced as Y2O3 (111)[110]MgO(001)[110]. 
Due to the cubic symmetry of MgO the total pole figure exhibits four peaks 
separated by 90°. These four peaks are due to Y2O3 cube on MgO cube.( The 
schematic representation is shown in Figure 5-4) In the case of (100) Y2O3 on (100) 
planes of MgO, the cube-on-cube relationship can be accommodated by one Y2O3 
plane spacing (1.06 nm) on five MgO(100) plane spacings (1.05 nm).  The 
corresponding lattice mismatch is 1%. The corresponding epitaxial growth of Y2O3 is 
characterized by two orientation relationships: A: Y2O3 (001)[110]MgO(001)[110] 
(cube-on-cube) and B: Y2O3 ])[( 101111 MgO (001)[110]. In both cases the lattice 
mismatch is rather small which indicates a low stress-strain state of the epitaxial layer. 
Generally, the Y2O3 [111] growth direction appears as a major part and is unique 

Y2O3 (111) pole figure 
[111] 
[110] MgO [010] MgO 
[110] 
Y2O3 



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when deposition is directly carried out on a MgO substrate without buffer layer. This 
result has also been explained earlier in terms of the low values of free energy of the 
(111) surface of Y2O3. Nevertheless, depending on the oxygen partial pressure during 
the deposition process, a change from [111] to [100] growth directions takes place 
when the oxygen partial pressure increases (Korzenski et al. 2000). Other groups have 
observed similar changes in orientation both during deposition of the film and in post 
annealing processes (Jones et al. 1997, Huignard et al. 2000, Jollet et al. 1991). Thus, 
it is clear that the naturally formed Y2O3 reaction layer shows preferential [111] 
growth. While the Y2O3 buffer layer shows both [111] and [100] as preferred growth 
directions normal to the MgO substrate. 
 
 
 
(a) 
 
Y2O3 (111) pole figure 
(b) 
Figure 5-4: (a) Epitaxial cube-on-cube relationship between Y2O3 and MgO 
substrate. (b) The corresponding [100] stereographic projection of <111> directions of 
the Y2O3 crystals ((111) pole figure) . 
 

[110] [010] 
[110] 
Y2O3 
MgO 
[100]  
MgO 
[010] MgO 
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YNi2B2C (112) pole figure 
Figure 5-5: Epitaxial relationship between the <110>-axes of Y2O3 crystals and the 
<100>-axes of the YNi2B2C film. Their corresponding (112) Bragg reflections are 
depicted in the stereographic projection of Figure 5-5(b). The orientation relationship 
can be deduced as Y2O3 ])[( 101111 YNi2B2C (001)[100]. 
Generally, not all of the corresponding orientation relationships are realized. 
As shown by Table 5-1 the reason for this is not just given by the lattice mismatch. In 
the case of the YNi2B2C film directly deposited onto the MgO(100) substrate at a 
deposition temperature of 650oC, three peaks appear in a quarter pole figure separated 
by 15º, which are inclined to the MgO <100> axes with angles of 30o, 45oand 60o, see 
Figure 5-7(a). Similarly, in the case of the YNi2B2C film directly deposited onto the 
MgO(100) substrate at a deposition temperature of 750oC two peaks appear, which 
are disoriented from the MgO<100> axes with angles of 30o and 60o, see Figure 
5-7(b). The corresponding schematic representation is shown in Figure 5-5. On the 
other hand with the use of an Y2O3 buffer, the (112) pole figure of the YNi2B2C film 
shows a completely different texture. Now three peaks are present in the quarter pole 
figure, which are disoriented from the MgO<100> axes with angles of 0o, 450 and 90o, 
Figure 5-7(c). 
(b) 
2 3[110]Y O  
[100] YNi2B2C 
 
(a) 
2 3[101]Y O  
[111] 
2 3[0 11]Y O
 
[100] 
YNi2B2C 
[100] 
YNi2B2C 
[010] MgO 
[100]  
MgO 
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Table 5-1: Orientation relationships between MgO, Y2O3 and YNi2B2C and room 
temperature lattice mismatch 
 MgO Y2O3 YNi2B2C nd1 ≈ md2 
21
21
mdnd
)md-2(nd
+
 
A ]110)[001(  ]110)[001(   5dMgO(220) ≈ dY2O3(110) -0.7% 
]110)[001(  ]101)[111(  
 
5dMgO(220) ≈ dY2O3(110) -0.7% 
B 
]101)[001(  ]211)[111(  
 2 3MgO Y O3d (220) d (112)≈  3% 
C  ]110)[001(  ]100)[001(  dY2O3(110) ≈ 2dYNi2B2C(100) 6% 
 
]101)[111(  ]110)[001(  2 3 2 2Y O Y Ni BCd (110) 3d (110)≈  0.1% 
D 
 
]211)[111(  ]110)[001(  2 3 2 2Y O Y Ni BCd (112) 2d (110)≈  -14% 
 ]101)[111(  ]100)[001(  
2 3 2 2Y O Y Ni BCd (110) 2d (100)≈  6% 
E 
 ]211)[111(  ]100)[001(  
2 3 2 2Y O Y Ni BCd (112) d (100)≈  20% 
 
From the above observations, it is clear that the texture of YNi2B2C films 
grown on MgO(100) substrate is related to the texture of the Y2O3 reaction layer or 
buffer. The borocarbide texture consists of several sharp components (orientations) 
which have well-defined relations to the Y2O3 interlayer and on the other hand are 
epitaxially related to the substrate. The texture measurements statistically support the 
orientation relationships determined by TEM (next section). The <111> growth of 
Y2O3 on MgO results in four symmetrical orientations and [100] only in one 
orientation. Therefore, in future, good epitaxial growth of borocarbides (one specific 
orientation) requires suppression of the <111>-axis alignment of the Y2O3 interlayer 
in favour of <100>. The Y2O3 buffer improves the superconducting properties (Tc and 
∆Tc) of the YNi2B2C film due to suppression of impurity phases at the interface 
and/or improvement of epitaxial growth of YNi2B2C, i.e. decreasing the number of 
orientations. Schematic representation of (112) pole figure of an YNi2B2C film 
showing the positions of ideal components shown Figure 5-6. 
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Figure 5-6: Schematic (112) pole figure of an YNi2B2C film showing the positions of 
ideal components. 
YNi2B2C(112) pole figure 
[100] 
MgO 
[010] MgO 
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Max: 2250 cts/s 
(a) 
 
 
Max: 800 cts/s 
(b) 
 
Max: 175 cts/s 
(c) 
Figure 5-7: (112) pole figures of YNi2B2C films: (a) directly deposited onto MgO 
substrate at a deposition temperature of 650oC and (b) 750oC; (c) YNi2B2C film 
deposited on an Y2O3 buffer layer at a deposition temperature of 750oC. 
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5.1.4 TEM investigations 
5.1.4.1 YNi2B2C film directly deposited onto MgO(100) substrate 
Figure 5-8 (a) is a bright-field cross-sectional TEM image of the YNi2B2C/MgO thin 
film which shows an interlayer of about 150 nm thickness existing at the interface 
between the YNi2B2C film and the MgO substrate. Figure 5-8(b) is the SADP of the 
interlayer and the MgO substrate with the stronger spots belonging to MgO. To 
determine the crystal structure of the interlayer, SADPs in different zone axes were 
obtained by tilting the sample. One of them is shown in Figure 5-8(c). Indexing 
proves that the interlayer has a cubic structure with a lattice constant a = 1.06 nm, 
thus it is Y2O3. It is noted that reflections forbidden for Y2O3 such as (010) and (001) 
appear because of dynamic diffraction effects (P.A Stadelmann et al. 1987). The Y2O3 
interlayer and MgO substrate show the orientation relationship of 
MgO(001)[100]Y2O3 (001)[100]. Figure 5-8(a) also indicates that the YNi2B2C thin 
film comprises differently oriented grains. Figure 5-8(d) and (e) show the SADPs of 
YNi2B2C along [110] and [320] zone axis corresponding to grains A and B. In each 
case, YNi2B2C grows [001] oriented, but with different in-plane orientation. Figure 
5-8(f) is a SADP showing YNi2B2C (grain C) along the ]313[  zone axis and Y2O3 
(grain D) along the [110] zone axis. The SADPs in Figure 5-8(d-f) were taken at 
MgO[100]. Thus, the grain boundary between Y2O3 grain D and the Y2O3 interlayer is 
characterized by a 45º rotation around the [001] normal. 
Figure 5-9(a) is another bright-field cross-sectional TEM image of the 
YNi2B2C/MgO thin film with higher magnification revealing an Y2O3 interlayer 
between the YNi2B2C film and the MgO substrate. The Y2O3 interlayer and the MgO 
substrate have the same SADPs as that shown in Figure 5-8(b). Figure 5-9(b) is the 
SADPs of YNi2B2C along the [100] zone axis corresponding to grain E. Electron 
diffraction reveals that grain F is YNi2B2C along the [110] zone axis(Figure 5-9(c)) 
showing in each case that YNi2B2C grows [001] oriented, but with different in-plane 
orientation. Figure 5-9(b) and (c) are the SADPs of the Y2O3 layer with the 
orientation relationships:  
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Figure 5-8: Bright-field cross-sectional TEM image of the (a) YNi2B2C/MgO thin 
film, (b) SADPs of the Y2O3 interlayer and MgO substrate along [100], (c) [111] zone 
axis, (d) SADPs of YNi2B2C along [110] (grain A), (e) [320] (grain B) zone axis, and 
(f) SADPs of YNi2B2C (grain C) along [331]  and Y2O3 (grain D) along [110] zone axis 
(Cao et al. 2004). 
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1.5
2 2 2 3YNi B C(001)[100] || Y O (001)[100]  
YNi2B2C(001)[110]Y2O3(001)[100] 
respectively. The numeral above the “parallel” symbol represents the deviation angle 
(in degrees) between the [100] directions. The above observations show that the 
YNi2B2C film mainly grows in the [001] direction. Y2O3 precipitates both appear at 
the film-substrate interface and in the YNi2B2C film near the substrate (area D in 
Figure 5-8(a)), which reveals that the Y2O3 oxide is not the surface oxidation of the 
YNi2B2C thin film. During film deposition, the substrate was heated to 750ºC; at such 
high temperature oxygen might be released from MgO, thereby providing oxygen for 
Y2O3 formation. 
Due to the formation of an Y2O3 reaction layer at the interface, the YNi2B2C 
stiochiometry is affected resulting in the formation of other impurity phases in the 
film.
 
These impurity phases may prevent epitaxial growth of the YNi2B2C film. Y2O3 
is a C-type rare-earth oxide, closely related to the fluorite structure with lattice 
parameter a = 1.06 nm and space group (206, Ia3) having 80 atoms per unit cell (Gao 
et.al. 1999). In the case of (001) planes of Y2O3 and MgO in parallel, 
MgO(001)[100]Y2O3(001)[100], the cube-on-cube relationship can be 
accommodated by two unit cells of Y2O3 on five unit cells of MgO. The 
corresponding lattice mismatch 
2 3Y O MgO MgO(2 5 ) / 5 0.5%.a a aδ = − ≈  In the case 
where [100] in-plane directions of YNi2B2C and Y2O3 are parallel to each other, 
YNi2B2C(001)[100]Y2O3(001)[100], the alignment of three unit cells of YNi2B2C 
can be superimposed to one unit cell of Y2O3. The corresponding lattice mismatch is: 
2 2 2 3 2 3YNi B C Y O Y O(3 ) / 0.1%.a a aδ = − ≈  For the orientation relationship of 
YNi2B2C(001)[110]Y2O3(001)[100], the alignment of two diagonals of the YNi2B2C 
unit cells can be superimposed to one unit cell of Y2O3. The corresponding lattice 
mismatch: 
2 2 2 3 2 3YNi B C Y O Y O(2 2  ) / 6%.a a aδ = − ≈  In all three cases, the lattice 
mismatch is rather low, indicating a low internal stress state of the YNi2B2C thin film, 
Y2O3 interlayer, and MgO substrate. This may explain why [001] oriented YNi2B2C 
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grows on this Y2O3 interlayer. Because of the formation of Y2O3 the stoichiometry 
1221 of the YNi2B2C will be affected, inducing the formation of other phases such as 
Ni3B and YNi4B, which have been reported by Reibold et al. (2002). In the sample 
investigated here, these phases have not been found so far in the small area analyzed 
by TEM, but they have been detected by X-ray diffraction (Wimbush et al. 2001).  
 
 
 
 
 
Figure 5-9: Bright-field cross-sectional TEM image of the (a) YNi2B2C/MgO thin 
film; (b) SADP of YNi2B2C (grain E) along [100] zone axis, (c) SADPs of the Y2O3 
interlayer with YNi2B2C (grains F) along [110]( Cao et al. 2004). 
5.1.4.2 YNi2B2C film deposited on an Y2O3 buffer layer 
A bright-field TEM image of the sample is shown in Figure 5-10(a) revealing a sharp 
interface between the columnar grown Y2O3 buffer layer and the MgO substrate. 
Figure 5-10(b) is the SADP of a single crystalline region in the Y2O3 buffer layer 
100 nm 
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along the [100] zone axis. Figure 5-10(c) is a dark-field TEM image taken with the 
(002) reflection highlighting the [001] oriented grains of the Y2O3 buffer layer, which 
are seen to grow on the cost of less preferred orientations. 
 
 
 
 
 
Figure 5-10: (a) Bright-field cross-sectional TEM image of an YNi2B2C film 
deposited on an Y2O3 buffer. (b) SADP of a single-crystalline region of Y2O3 along 
the [100] zone axis, (c) Dark-field TEM image taken with the (002) spot of (b) 
highlighting the [001] oriented grains of Y2O3.  
In order to determine the in-plane orientation of Y2O3 in the buffer layer, 
HRTEM imaging of the interface region was carried out with the result shown in 
Figure 5-11(a). Two distinct Y2O3 grains are clearly visible. The Fast Fourier 
Transforms (FFT) of parts of the image corresponding to each grain, as well as to the 
(b) (c) 
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substrate and the interface region, are shown in Figure 5-11(b - e). It is clear from 
HRTEM results that the Y2O3 grows with [001] and [111] directions perpendicular to 
the (001) MgO substrate. Thus, the HRTEM results are in good agreement with the X-
ray diffraction results shown in Figure 5-1(a). The relationships between MgO 
substrate and Y2O3 buffer layer obtained from the FFTs are: 
 Y2O3(001)[100]MgO(001)[100] and Y2O3(111) [ 011 ]MgO(001)[ 011 ] 
  
Figure 5-11: (a) HREM image of the interface region of Y2O3 and MgO. Selected 
area FFTs of (b) MgO, (c) the interface of MgO and Y2O3, (d) [001] oriented Y2O3, 
and (e) [111] oriented Y2O3. 
These are the same as those reported previously (Reibold et al. 2002, 
Gaboriaud et al. 2000) for this system. Figure 5-12(a) is a bright-field TEM image 
showing the YNi2B2C film also comprising differently oriented grains. Figure 5-12(b 
- d) are the SADPs of these different grains along the [110], [310] and [100] zone 
axes, showing in each case that the YNi2B2C grows [001] oriented (again in 
agreement with the X-ray results of Figure 5-1(a), but with several different in-plane 
orientations. Close examination of the TEM image shows that grain B is not growing 
directly on the Y2O3 buffer, but rather upon a grain of another phase (labeled 
Y0.915Ni4.12B), formed at the interface. This phase was then the subject of further 
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investigation. Figure 5-13(a) and (b) are the HRTEM images of the interface region of 
the YNi2B2C grains and the Y2O3 buffer layer. The orientation relationships between 
YNi2B2C and Y2O3 buffer layer obtained from the FFTs for these grains are:  
YNi2B2C(001)[110]Y2O3(001)[100] and YNi2B2C(001)[100]Y2O3(001)[100]. 
 
 
 
 
 
Figure 5-12:(a) Bright-field TEM image showing differently oriented grains of 
YNi2B2C. SADPs showing YNi2B2C along (b) [110] (grain A), (c) [310] (grain B), 
and (d) [100] (grain C) zone axes. 
The first of these is consistent with X-ray texture measurements (not shown) 
performed on this sample, indicating that this is the predominant orientation of 
YNi2B2C. The second in-plane orientation is a common occurrence arising due to the 
very close lattice match to Y2O3 in this orientation. 
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Taking into account the preferential growth of the [001] oriented Y2O3, and the 
predominance of one particular in-plane orientation of YNi2B2C observed by X-ray 
diffraction, the sample as a whole can best be described by the orientation 
relationship:  
YNi2B2C(001)[110]Y2O3(001)[100]MgO(001)[100]. 
A small remaining volume fraction of the hexagonal impurity phase Y0.915Ni4.12B 
having lattice parameters a = 1.491 nm and c = 0.692 nm has been identified by TEM 
analysis. 
  
Figure 5-13: HRTEM images of the interface region of the Y2O3 buffer layer and 
YNi2B2C grains (a) A and (b) C in the Figure 5-12(a). 
The Y2O3 buffer improves the superconducting properties due to suppression of 
impurity phases and improves the epitaxial growth of YNi2B2C, i.e. decreasing the 
number of orientations. Therefore, good epitaxial growth of borocarbides (one 
specific orientation) requires suppression of the [111] axis alignment of Y2O3. In 
future, the MgO substrate should be replaced by Y2O3(100) single crystals. This might 
improve the quality of these films. 
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5.2 YNi2B2C thin films with Ir buffer layer 
To prevent the formation of an oxide layer at the interface, it was the aim of this 
investigation to study YNi2B2C film growth on single crystal MgO(100) substrates 
with an Ir buffer layer. Among the various metallic materials suitable for use as a 
buffer, Ir is a good candidate, because it is stable at high deposition temperatures and 
has a lattice constant of 0.383 nm compared to YNi2B2C (a ≈ 0.352 nm and c ≈ 1.09 
nm) and to MgO (a = 0.421 nm). Thus, the lattice parameter of Ir lies between that of 
MgO and YNi2B2C. Consequently, a good epitaxial growth of Ir on MgO and 
YNi2B2C on the Ir buffer layer was expected. The different epitaxial relationships of 
the buffer layer growth with respect to substrate and film, in terms of lattice mismatch 
and the corresponding stress-strain state will be described.  
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Figure 5-14: Temperature dependence of the resistance of YNi2B2C deposited on 
Ir/MgO at different deposition temperatures. 
 
The superconducting transition of YNi2B2C films deposited on Ir/MgO as a 
function of deposition temperature was measured by the loss of resistivity. The film 
 Experimental results and discussion:YNi2B2C thin films 76    
   
   
grown at a deposition temperature of 650ºC shows a Tc of 11 K, with a relatively 
broad transition width of ∆Tc = 4 K. For a deposition temperature of 700oC, the 
YNi2B2C film shows a Tc of 12 K and ∆Tc = 2 K. Similarly, for the deposition 
temperature of 750ºC, Tc was 13.7 K and ∆Tc = 1.5 K. The transition width is defined 
as ∆Tc = (Tc90 - Tc10), where Tc90 and Tc10 are the temperatures at which the resistance 
has dropped to 90% and 10% of the transition width. It is clear by the increasing Tc 
that the quality of the film gradually increases with increasing deposition temperature 
and at the same time reduces the transition width. This indicates less impurity phases 
but nevertheless there always is a certain volume present. The large transition width 
may also result from the formation of impurity phases at the interface as in the case of 
an YNi2B2C film directly deposited on the MgO substrate (see reasoning in 5.1). With 
the use of an iridium buffer layer the transition width is reduced and there also is a 
slight increase of Tc, but there is still some impurity phases found because of diffusion 
of iridium into the film.  
5.2.1 X-ray diffraction 
5.2.1.1 X-ray -2 scans 
Figure 5-15 and 5-16 show the X-ray diffractograms of an iridium layer deposited on 
a MgO (100) substrate and borocarbide films deposited on (100) MgO substrate with 
iridium buffer layer at different deposition temperatures such as 650°C, 700°C and 
750°C, respectively. The orientation relationship found is Ir(100)MgO(100). The X-
ray diffractrograms of Figure 5-16 show that the majority of peaks are coming from 
(00l) peaks of YNi2B2C suggesting that the films grown are c-axis oriented. The 
lattice parameter c measured from the (002) peak is 10.72 Å. 
With increase of the deposition temperature from 650°C to 750°C, the film 
turns out to be strongly c-axis oriented. In fact, the most intense peaks of the film are 
due to the (00l) reflections and the other peaks, which refer to other orientations, are 
strongly reduced. The largest peak on each scan arises from the substrate, the MgO 
(200) reflection. Due to high intensity of this substrate peak, also the corresponding 
peak arising from the K line of the incident radiation is visible. Aside from these, it is 
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possible to identify the YNi2B2C (004) and (008) peaks with greater or lesser intensity 
throughout these three films. Due to the ratio of lattice parameters, however (c/a  3), 
the (200) peak occurs at approximately the d-spacing where (006) would be expected. 
The most significant impurity phase is YNi4B, the volume fraction of which increases 
with the increase of deposition temperature. It has a hexagonal crystal structure and 
preferentially grows with the c-axis out of plane giving rise to (002) and (005) peaks 
in the diffractogram. The (003) and (004) peaks of YNi4B are hidden under 
MgO(200) K and YNi2B2C(200), respectively. Numerous remaining low intensity 
peaks can be attributed to minor volume fractions of other impurity phases. The 
increase of the X-ray intensity with the deposition temperate shows that at the lowest 
temperature studied here (650oC), the borocarbide phase formation is rather poor, 
with only relatively weak diffraction peaks evident. As the temperature is increased, 
the peaks develop and enhance, reaching a maximum intensity around 750oC. 
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Figure 5-15: XRD θ-2θ scan of an Ir (50 nm) layer on a MgO substrate (Co-K 
radiation). 
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At the same time there are some other impurity phases growing along with 
borocarbide, some peaks of which were identified as resulting from the YNi4B phase 
((002) and (005) peaks with corresponding d-spacing of 3.51 Å and 1.40 Å, 
respectively). The YNi4B phase was reported by Cao et al. (2004a) as  
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Figure 5-16: XRD θ-2θ scan for an YNi2B2C film deposited on Ir/MgO substrate at 
different deposition temperatures such as 650oC, 7000C and 750oC (Co-K radiation). 
Peaks U refer to unknown phase(s). 
precipitate at the interface. It is also interesting that there are no oxide peaks present 
in all three films. Thus, Ir successfully prevents the formation of oxide at the interface 
and therefore improves the quality of these films. But nevertheless there exist some 
other impurity peaks, which are not yet identified. Cao et al. (2004a) reported the 
formation of Y9.14Ni4.12B in borocarbide films which represents a superstructure of 
YNi4B. From Figure 5-16 it is seen that the YNi2B2C films are predominantly [001] 
oriented although at 750oC a (112) peak is also visible indicating the presence of a 
small differently oriented volume fraction. After deposition of the YNi2B2C film the 
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Ir (200) peak is absent in the X-ray diffractogram, because during high-temperature 
deposition of YNi2B2C, Ir has diffused into the YNi2B2C layer (see TEM below). 
5.2.1.2 Texture studies 
To determine the texture, incomplete pole figures were measured by X-ray 
diffraction. These were (111) for the Ir buffer layer (rotation between 0° and 360°, tilt 
from 35° to 85°, increment steps of 0.5°) and (112) and (004) for the YNi2B2C film 
(rotation between -6° and 96°, tilt from 0° to 70°, increment steps of 2°). The Ir buffer 
layer seen in Figure 5-17(a) shows four peaks in the (111) pole figure due to 
crystallographic symmetry. The appearance of four peaks suggests that the Ir buffer 
layer grows epitaxially on the MgO substrate if an optimized set of parameters during 
the deposition is used. The position of the peaks yields a cube-on-cube epitaxial 
relationship between buffer layer and substrate, while the YNi2B2C film grows with 
the c-axis preferentially aligned perpendicular to the substrate surface (Figure 5-17(b) 
and (c)). However, the texture is not a simple c-axis fiber texture, but it consists of 
four components rotated about the c-axis by 15° (Figure 5-17(c)). The texture 
observed for borocarbide films deposited on an Ir buffer layer is different from that 
reported by Wimbush et al. 2001 for direct growth on MgO. However, it should be 
noted that the in-plane alignment is quite weak. To study the preferential growth of 
some impurity phases, the X-ray pole figure measurements were carried out on the 
peaks indicated (002), (005) for YNi4B and U shown in Figure 5-16 (at 750oC). All 
these peaks only yield intensity at the centre of the pole figure. Thus, YNi4B which 
has a hexagonal structure (191, P6/mmm), grows with the c-axis normal to the MgO 
substrate. 
The -2 X-ray diffractograms after borocarbide deposition (Figure 5-16) do 
not show any peaks corresponding to Ir. Moreover, there are some other strong 
unknown peaks at 54º and 68º. It is important to note, that at the same time there are 
no peaks detected related to Y2O3. In addition, pole figure measurements of Ir(111) 
clearly show that there is no Ir left in elemental form at the interface. To understand 
the effect of Ir, TEM studies were carried out on one of the films prepared on an Ir 
buffer layer. It is clear from EDX analysis, that Ir completely diffuses into the 
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borocarbide film and there is no Ir left in elemental form at the interface. At the same 
time, Ir prevents the formation of an oxide layer at the interface.  
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Figure 5-17: X-ray texture measurements: (a) (111) pole figure of an Ir film 
deposited on MgO, (b) (004) and (c) (112) pole figures of an YNi2B2C film deposited 
on Ir/MgO. 
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5.2.2 TEM investigations  
The YNi2B2C film prepared at a deposition temperature of 750ºC appears to be of 
very good quality as judged on the basis of X-ray data (Figure 5-16). Thus, it has been 
more thoroughly examined by TEM. Bright-field TEM micrographs and a diffraction 
pattern from cross-sectional MgO(100) are shown in Figure 5-18 and 5-19. Figure 
5-18(a) is a cross-sectional TEM image of the YNi2B2C film grown on the Ir/MgO 
substrate. The MgO/YNi2B2C film interface is flat and clean and no interlayer phase 
is seen in the image. TEM results confirm that Ir completely diffuses into the 
borocarbide film. At the same time Ir prevents the formation of an oxide layer at the 
interface (Subba Rao et al. 2004). Moreover, the film also has a uniform thickness 
with a flat surface at least over a few microns throughout the film. Figure 5-18(b) is 
the SADP of the MgO substrate with [100] zone axis. Figure 5-18(c-d) show the 
SADPs of the YNi2B2C film, which comprises differently oriented grains with [100] 
zone axis corresponding to grain A, and [ 131 ] zone axis corresponding to grain B. In 
Figure 5-18(a) the larger grain labeled as grain C belongs to the impurity phase 
Y0.915Ni4.12B. Because the SADP of the impurity grain proved incompatible with the 
pattern of YNi4B, the sample was tilted through a wide range of angles to obtain an 
useful SADP to distinguish between Y0.915Ni4.12B and YNi4B. A comparison of 
experimental and calculated electron diffraction patterens proved that the SADP of 
Figure 5-18(e) belongs to Y0.915Ni4.12B phase and is imaged along the [110] zone axis 
(Cao et al. 2004a). Surprisingly, also a small grain of Y2O3 is found. Figure 5-18(f) 
shows the SADP of the Y2O3 grain along the [01 1]  zone axis. Figure 5-19(a) shows 
another bright-field cross-sectional TEM image of the YNi2B2C film with differently 
oriented grains of YNi2B2C. Figure 5-19(b-c) are SADPs of the YNi2B2C film viewed 
along the [ 230 ] and [ 131 ] zone axis of grains E and F, respectively. 
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Figure 5-18: Bright-field cross-sectional TEM image of the (a) YNi2B2C/Ir/MgO thin 
film; SADP’s of (b) MgO substrate along [100] zone axis; (c) YNi2B2C (grain A) 
along [100] zone axis; (d) YNi2B2C (grain B) along [ 131 ] zone axis; (e) Y0.915Ni4.12B 
(grain C) along [010] zone axis; (f) Y2O3 (grain D) along [01 1] zone axis. 
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Figure 5-19: (a) Bright-field cross-sectional TEM image showing differently oriented 
grains of YNi2B2C. SADPs show YNi2B2C grain E (b) along [ 230 ] and grain F (c) 
along [ 254 ] zone axis. 
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5.3 Influence of deposition temperature on Sm-Co thin films 
5.3.1 X-ray diffraction 
5.3.1.1 -2 scans 
 
The texture strength of the Cr buffer increases with increasing deposition temperature 
from 500ºC to 700ºC. So, for all films shown in this section, the Cr buffer deposition 
temperature was kept at 700ºC. The Cr cap layer was deposited at 200ºC. Figure 5-20 
shows the X-ray diffractograms of Sm-Co films deposited onto a Cr/MgO(100) 
substrate in this temperature range. The diffraction peaks of Sm-Co can be indexed by 
either SmCo3 or Sm2Co7. SmCo3 has the rhombohedral Be3Nb-type structure with 
lattice parameters a = 0.5052 nm and c = 2.457 nm.  
 
Figure 5-20: XRD -2 scans for Cr/Sm-Co/Cr/MgO thin films deposited at different 
temperatures 500ºC, 550ºC, 600ºC and 700ºC (Co-K radiation). 
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Sharp diffraction peaks show that the Cr(200) plane and the Sm-Co (1120)  
plane are parallel to the MgO(100) substrate, and that the c-axis of Sm-Co is in-plane. 
The intensity of the Sm-Co (1120)  peak gradually decreases with increasing 
deposition temperature from 500ºC to 700ºC. The largest peak in each scan arises 
from the substrate, the MgO(200) reflection. Due to the high intensity of this substrate 
peak, also the corresponding peak arising from the K line of the incident radiation is 
visible. Aside from these peaks, it is possible to identify Sm-Co (1120)  and (2240)  
peaks with greater or lesser intensity throughout these four films. The phase 
identification as well as the orientation relationships between MgO substrate, the Cr- 
buffer layer and the Sm-Co film was done by X-ray texture measurements and TEM 
analysis. 
5.3.1.2 Texture studies 
Figure 5-21 shows the experimental (1126)  pole figures of Sm-Co thin films prepared 
at two different deposition temperatures such as 500oC and 700oC. The film deposited 
at 500oC shows two orthogonal in-plane orientations which are perpendicular to each 
other. It is evident from the X-ray diffractogram (Figure 5-20) that the (1120)  plane 
lies in the film plane. At a deposition temperature of 700oC additional four peaks 
appear in the pole figure. These peaks can be best indexed by tilting the c-axis of the 
two in-plane orientations by 60o towards the normal direction, this is equivalent to 
having the (112 18)  plane parallel to the film plane and the [1100]  direction parallel 
to MgO[001]. Pole figures calculated with the theoretical orientations using the 
MULTEX software and their corresponding schematic representations are also shown 
in Figure 5-21. In-plane and tilted orientations reflect the fourfold symmetry of 
MgO(100) and the textured Cr buffer layer. 
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Figure 5-21: X-ray texture measurements: (a) and (b) are Sm-Co (1126)  pole figures 
at a deposition temperature of 500oC and 700oC, respectively; (c) and (d) are 
schematic representations of two in-plane and four tilted orientations, their 
corresponding (1126)  poles are given. 
5.3.2 Magnetic properties 
The magnetic hysteresis loop was measured at room temperature in-plane along the 
MgO[100] direction and perpendicular to the film plane. The ratio of the in-plane 
remanent polarization to that out-of-plane was taken as a measure of the magnetic 
texture. Figure 5-22(a) and (b) are hysteresis loops for Sm-Co thin films deposited at 
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500oC and 700oC. The ratio of remanence M
IP
r /M
OP
r  is plotted against the deposition 
temperature in Figure 5-22(c). It is seen that the ratio of remanence decreases with 
increasing deposition temperature from 500oC to 700oC, indicating a stronger out-of-
plane alignment of the c-axis of Sm-Co grains. Hence, lowering the deposition 
temperature provides an increasing amount of in-plane oriented grains, yielding a  
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Figure 5-22: Hysteresis loops for two films prepared at a deposition temperature of 
(a) 500oC, (b) 700oC measured out-of-plane ( ⊥ ) and in-plane (||) along MgO[100]; 
(c) Remanence ratio (in-plane/out-of-plane) as a function of deposition temperature. 
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good magnetic texture. However, low temperatures do not favour phase formation. 
The shoulders observed in Figure 5-22(b) near H = 0 may result from the presence of 
a minor soft magnetic phase at a deposition temperature of 700oC, which has to be 
confirmed by TEM analysis. 
5.3.3 TEM investigations 
The Sm-Co film prepared at a deposition temperature of 700ºC was studied by TEM 
in order to understand the reason for the tilted (c-axis) orientation. The interface 
structure has been investigated by conventional and high resolution TEM. The TEM 
cross-sectional image is shown in Figure 5-23(a). The clear contrast between the Cr 
and Sm-Co layers results from the scattering and absorption effects of different atoms. 
The average thickness of the Cr buffer, Sm-Co and Cr cap layer was found to be 30 
nm, 140 nm and 20 nm, respectively. It may be possible that part of the Cr cap layer is 
milled away during ion milling. The Cr buffer layer uniformly covers the MgO 
substrate; few triangular precipitates (arrows) are formed along the interface between 
Cr/Sm-Co. The reason for the precipitation (segregation) may be the low vapor 
pressure of Sm at 700ºC yielding Co-segregation during the deposition processes. The 
size of the precipitates is about 20 nm. Due to the small size SAD could not be 
performed. The three Sm-Co grains in Figure 5-23(a) have very similar orientation 
and these are connected by low angle grain boundaries.   
Figure 5-23(b) is the corresponding SADP taken from the cross-sectional 
Cr/Sm-Co layer along with the MgO substrate. Only fcc Cr and hcp Sm-Co phases are 
identified, no oxide is formed at the interface. The lattice parameter of Cr (by the 
internal calibration with the MgO substrate) is determined to be d110 = 0.2021 nm, 
which is 0.5% larger than the of bulk value. At the same time SmCo3 with d0003 = 
0.812 nm, 1120d 0.25= nm, is identified. In the case of Sm2Co7 phase the (0003) 
reflection would be forbidden. The c-axis of the SmCo3 grain is tilted 60o with respect 
to the film plane. This corresponds to a (112 18)  plane parallel to the film plane 
(Figure 5-23(c)). This reflection is not found in the diffractogram because 
theoretically it has very low intensity. The Cr buffer layer grows with its [100] 
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direction perpendicular to the substrate plane, while the SmCo3 film grows with the c-
axis in-plane and tilted 60º with respect to substrate plane. The epitaxial relationship 
for the tilted orientation can be written as 
Sm-Co(112 18)[1100]||Cr(100)[011]||MgO(100)[001]  
 
 
 
Figure 5-23: (a) Low magnification cross-sectional TEM image of a Sm-Co film with 
Cr buffer and cap layer deposited on MgO substrate (arrows indicate interfacial Co 
precipitates, dashed lines are Sm-Co grain boundaries), (b) SADP taken at the 
interface between Sm-Co/Cr along with the substrate, (c) schematic representation of 
the growth of Cr and Sm-Co as indexed by electron diffraction. 
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Figure 5-24 is a typical cross-sectional HRTEM image of the MgO/Cr 
interface. It shows a roughness less than 2 nm. 
 
Figure 5-24: Cross-sectional HRTEM image of the MgO/Cr interface (arrows). 
 
 
Figure 5-25: Sm-Co film grown expitaxially on a Cr buffer with the c-axis lying in 
the film plane. 
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Figure 5-25 shows one of the best areas of the Sm-Co film, with the c-axis 
lying in the film plane. The following epitaxial relation is found: 
Cr(100)[011] || SmCo(1120)[0001]  
Figure 5-26(a) is a typical cross-sectional HRTEM image showing the Cr/Sm-
Co interface. Co precipitates grow in hexagonal structure and preferably with the Sm-
Co in-plane orientation. Three Sm-Co grains with the c-axis in the film plane and 60o 
tilted with respect to the film plane are shown. 
  Figure 5-26(b) is a filtered HRTEM image taken at the interface region of 
Co/SmCo. It shows stacking disorder in the c-axis direction which can be described as 
an intergrowth of different structural units of SmCo3 and SmCo5 (compare Figure 
2-3). Benaissa et al. (1998) reported similar results on Sm-Co films grown onto 
MgO(110) substrate, but they found an intergrowth of Sm2Co7, SmCo3 and SmCo5 
structural units.  
It is clear from the Sm-Co phase diagram (Figure 2-2) that deviations from 
stoichiometry may be accommodated by a stacking of units building the Sm-Co 
phases. Local departure from the nominal stoichiometry of Sm2Co7 may occur during 
growth, forming regions with either excess or deficiency of Co leading to the 
formation of SmCo5 and SmCo3, respectively. To minimize the elastic strain energy, 
the basal planes of these phases are driven to be parallel to each other along a 
common c-axis.  
There are also seen two other grains in Figure 5-26(a) with the c-axis tilted 60o 
with respect to the film plane. The growth of the c-axis tilted component seems to 
start on Co precipitates, but nucleation on Cr cannot be ruled out because of a two-
dimensional view. 
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Figure 5-26: (a) Cross-sectional HRTEM image showing the Cr/Co/Sm-Co interface. 
The Sm-Co grains have the c-axis either in the film plane or 60º tilted, (b) Stacking 
disorder along the c-axis. 
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Figure 5-27: (a) HRTEM image of the interface region of Cr/Co (arrows), (b) and (c) 
FFTs taken from Co and Cr, respectively. 
 
FFT was used to probe the structure information of one of the Co precipitates. 
Figure 5-27 shows the interface region of the Cr buffer and a Co precipitate, which 
was well intergrown with the Cr-buffer. The following epitaxial relationship is found: 
Co(1120)[1 100] || Cr(100)[011]  
The region was carefully examined by FFT and chemical analyses (next 
section). FFT of the Co precipitate yields a c-axis in-plane orientation. Co exists in 
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two allotropic forms, the phase transformation between the high temperature fcc 
(face-centred cubic) and the low temperature hcp structure under equilibrium 
conditions occurring at 420ºC. The close relationship between the structural features 
of the two phases is reflected in: (1) the distance between the close-packed planes 
only varies by about 0.3% at the transformation temperature with both structures 
displaying the almost ideal close-packed ratio c/a  1.623, (2) the same atomic 
coordination exist for the nearest and next nearest neighbours, and (3) the fcc and hcp 
lattices are reversibly connected with the epitaxial relationships (Tolèdano et al. 
2001): 
fcc hcp fcc hcp(111) ||(0001)  and [112] ||[1120]  
Another HRTEM image of the Cr/Sm-Co interface region shows differently 
oriented grains of Sm-Co and Co (Figure 5-28). The corresponding FFTs from Cr, Co, 
Sm-Co orientation 1 and 2 are shown in Figure 5-28(b), (c), (d) and (e), respectively. 
It may be suggested from this figure that at the surface of the Cr-buffer Sm-Co as well 
as Co grains are growing with the c-axis in-plane near to the surface of the Cr-buffer, 
while Co might be responsible for the c-axis tilted Sm-Co grain, as indicated in (e). 
However, the exact nucleation site of this tilted orientation of Sm-Co is still uncertain.  
In order to understand the macroscopic and local magnetic behavior of this 
film, it is necessary amongst other factors to determine its submicroscopic chemical 
homogeneity. An EDS line scan taken across the film from substrate to cap layer is 
shown in Figure 5-29(a). The elemental line scan (Figure 5-29(b)) reveals that there 
are Co-grains between Cr buffer layer and Sm-Co film. The intensities plotted in the 
elemental distribution profile are not directly related to the absolute chemical 
concentrations. The chemical composition determined for several Sm-Co grains is 
close to 1:3. Orientation relationships between MgO, Cr, Co and Sm-Co determined 
by TEM in this section are schematically represented in Table 5-2, their 
corresponding lattice mismatch is shown in Table 5-3. 
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Figure 5-28: (a) Cross-sectional HRTEM image of the Cr/SmCo interface region, 
FFTs from Cr, Co, Sm-Co orientation 1 and Sm-Co orientation 2 are shown in (b), 
(c), (d) and (e), respectively. 
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Figure 5-29: (a) STEM dark-field image with the elemental line scan carried out 
along the film normal from substrate to cap layer, (b) elemental variation with 
position. 
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Table 5-2: Schematic representation of the orientation relationships between MgO, 
Cr, Co and Sm-Co determined by TEM for a Sm-Co film deposited at 700ºC. 
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Table 5-3: Orientation relationships between MgO, Cr, Co, SmCo3 found by TEM for a 
SmCo3 film deposited at 700ºC. The lattice mismatch is calculated with room temperature 
lattice constants. A schematic representation of the crystallograpic relationships is shown in 
Table 5-2. 
 
 MgO Cr Co SmCo3 nd1 ≈ md2 
21
21
mdnd
)md-2(nd
+
 
I (100)[001]  (100)[011]    MgO Crd (001) 2d (011)≈  4.0% 
 
(100)[011]  (1120)[1 100]   Cr Cod (011) d (1 100)≈  -0.06% 
II 
 (100)[011]  (1120)[0001]   Cr Co2d (01 1) d (0001)≈  0.2% 
 
(100)[011]  
 (1120)[1 100]  
3Cr SmCo2d (011) d (1100)≈  -7.2% 
III 
 (100)[011]   (1120)[0001]  
3Cr SmCo12d (011) d (0001)≈  -0.5% 
  (1120)[1 100]  (1120)[1 100]  
3Co SmCo2d (1100) d (1100)≈  -0.8% 
IV 
  (1120)[0001]  (1120)[0001]  3Co SmCo6d (0001) d (0001)≈  -0.6% 
  (1120)[1 100]  (112 18)[1 126]  
3Co SmCod (1100) d (1126)≈  0.9% 
V 
  (1120)[0001]  (11218)[1 100]  
3Co SmCod (0001) d (1 100)≈  -7.1% 
                                           100 
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5.4 Epitaxial SmCo5 thin films 
High density recording media require small magnetically decoupled grains in order to 
reduce the bit size and to lower the media noise. It is known that reducing the grain 
size causes a thermal decay problem. To overcome this, the magnetic layer should 
have a large magneto-crystalline anisotropy. Among Sm-Co alloys, SmCo5 with an 
anisotropy larger than 108erg/cm3, is a potential candidate for high-density recording 
media. Thus, Sm-Co/Cr films were prepared with different techniques at various 
deposition temperatures. A film prepared by sputtering with a Sm-Co layer thickness 
of 40 nm had coercivity larger than 4 kOe (Takei et al. 2000). Zana et al. (2000) 
reported that the coercivity was about 3 kOe even though the Sm-Co layer prepared 
by DC magnetron sputtering was about 10 nm. In the X-ray diffractogram, however, 
no diffraction peaks of the Sm-Co phase could be observed. The problem was studied 
by Liu et al. (1994, 1995), who quoted that the Sm-Co films prepared by DC 
magnetron sputtering consisted of nanocrystallites surrounded by an amorphous 
matrix. On the other hand, Fullerton et al. (1996) by magnetron sputtering prepared 
Sm-C/W films on MgO substrates at a deposition temperature of 400oC. The Sm-Co 
layer was crystalline and grew epitaxially on the W(100) buffer. Therefore, it was 
attempted to deposit the SmCo5 film on Cr(100) buffered MgO(100) substrate by PLD 
at temperatures of 370oC and 400oC and with a laser repetition rate of 5 Hz. 
5.4.1 X-ray diffraction 
Figure 5-30 shows X-ray diffractograms of 140nm thick Sm-Co films grown onto a 
Cr/MgO(100) substrate at deposition temperatures of 370oC and 400oC. The (200) 
peak of Cr indicates that this phase is highly textured. Moreover, because of the 
strong (1120)  peak Sm-Co preferentially grows with the c-axis in the film plane. Pole 
figure analysis of Sm-Co gives two orthogonal in-plane orientations (Figure 5-31), 
with the c-axes aligned parallel to the <110> directions of Cr.  
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Figure 5-30: X-ray diffractogram shows strong (200) peaks of the Cr buffer 
indicating a good epitaxy with MgO(100). The strong (1120) peak of the Sm-Co thin 
films proves a c-axis in-plane alignment. 
Table 5-4: Comparison of the experimental 2 values measured for different peaks of 
an epitaxial Sm-Co film (T  400ºC) compared with the theoretical values for SmCo5 
and Sm2Co7 (Cu K radiation). 
SmCo5 
reflections 
Sm2Co7  
reflections 
2exp 2theo(SmCo5) 2theo(Sm2Co7) 
(10 10)  (10 16)  30.5o 30.4o 30.06o 
(1120)  (1120)  36.2o 35.9o 35.5o 
(1121)  (1126)  42.1o 42.1o 42.6o 
 
To resolve the exact phase formation a comparison was made of the 
experimental and theoretical peak positions for SmCo5 and Sm2Co7 (Table 5-4). There 
is a better agreement with the SmCo5 phase. Although both films prepared at different 
temperatures show similar results in X-ray diffraction they have different magnetic 
properties (see below). To explain this discrepancy a TEM analysis of the 
microstructure has been done. 
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Figure 5-31:(a) Experimental (1121)  pole figure of a Sm-Co film prepared at a 
deposition temperature of 370oC, (b) corresponding poles of two c-axis in-plane 
orientations (view on the film plane).  
5.4.2 Magnetic properties 
Figure 5-32 shows the magnetic hysteresis loops of Sm-Co films prepared at 
deposition temperatures of 370oC and 400oC. The magnetic field was applied along 
in-plane MgO[010] and out-of-plane MgO[001] directions. The Sm-Co (1120)  films 
on Cr(100) buffer layers prepared by PLD have similar loop shape and Hc values as 
those deposited by sputtering on W(100) buffer layers (Fullerton et al. 1996). The 
films exhibit strong uni-axial in-plane anisotropy. For H parallel to the film plane, i.e. 
MgO[010], the coercive fields Hc are 0.4 T and 2 T for deposition temperatures 370ºC 
and 400oC, respectively. It was found that the deposition temperature was effective in 
increase the coercivity. The high coercivity seems to be induced by the increasing of 
the magneto-crystalline anisotropy energy due to crystallization of the Sm-Co layer at 
the higher temperature. The Sm-Co film prepared at 370oC shows a typical switching 
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(soft to hard magnetic) indicating the presence of amorphous areas, which will be 
confirmed by TEM below. 
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Figure 5-32: Magnetic hysteresis loops of Sm-Co films deposited at (a) 370oC and (b) 400oC. 
5.4.3 TEM investigations 
Figure 5-33(a) is a typical cross-section TEM image of the Sm-Co/Cr/MgO 
system. The Sm-Co layer displays triangular regions. HRTEM (Figure 5-33) shows 
that these regions are of amorphous and crystalline nature. The amorphous regions 
originate at the top of the Cr buffer and end at the film surface, suggesting that the 
amount of crystalline phase increases with increasing film thickness. An in-plane 
orientation is indicated in the SADP shown in Figure 5-33(b) and the FFT of Figure 
5-33(d) with SmCo5 [10 10] parallel to Cr[011]. The increasing volume of crystalline 
SmCo5 with increasing thickenss of the layer indicates that there is a change of the 
growth condition due to an increase in temperature. 
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Figure 5-33: (a) Bright-field cross-sectional image of Sm-Co film deposited at 370oC 
onto MgO/Cr substrate, (b) corresponding SADP, (c) HRTEM image revealing Sm-
Co crystalline and amorphous regions, (d) FFT taken from Sm-Co crystalline region 
as shown in (c). 
Figure 5-34(a) shows the typical cross-sectional HRTEM image of the SmCo5 
film prepared at a deposition temperature of 400oC. Cr buffer as well as cap layer is 
identified. There are clear interfaces between the layers. The thickness of the Cr cap 
layer may have been reduced by milling. Figure 5-34(b) reveals that the film has a 
columnar grain structure normal to the Cr buffer. The corresponding SADP (Figure 
5-34(c)) shows that the SmCo5 film predominantly grows with the c-axis in the film 
plane. The corresponding epitaxial relationship can be written as: 
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5SmCo (1120)[0001]||Cr(100)[011]||MgO(100)[001]  
  
Figure 5-35 shows HREM images of the best areas of the SmCo5 film. The 
interface between Cr buffer and SmCo5 is relatively sharp and does not contain 
impurity phases (Figure 5-35(a)). Figure 5-35(b) is a HRTEM image of the upper 
film, which shows two orthogonal SmCo5 in-plane orientations. The Cr cap layer 
confirms that these orientations tend to grow throughout the film thickness. 
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Figure 5-34: (a) Cross-section HRTEM image of the SmCo5 film deposited at 400oC, 
(b) enlarged view showing the columnar grain growth of SmCo5, (c) composite SADP 
revealing the orientation relationship of SmCo5 with MgO and Cr. 
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Figure 5-35: (a) HRTEM image showing one SmCo5 grain at the Cr buffer with the 
c-axis in the film plane pointing up, (b) Image of the upper film showing two 
orthogonal c-axis in-plane oriented SmCo5 grains with a 90º grain boundary shown by 
arrow. Inset is a filtered enlarged image taken in the area with the c-axis horizontal. 
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5.5 Sm-Co films grown on MgO(110) substrate 
One of the most effective parameters for improving the magnetic properties of Sm-Co 
films is the texture. Sm-Co with a hexagonal close-packed (hcp) structure exhibit 
uniaxial magnetic anisotropy along the c-axis. Thus, magnetic properties of 
polycrystalline films of these materials depend on the distribution of the c-axes. 
Epitaxial magnetic films on MgO(100) single crystal substrates with adequate size 
have been successfully grown by PLD (see chapter 5.3). To break the fourfold 
symmetry of MgO(100) leading to two orthogonal in-plane orientations of Sm-Co, in 
the present study these substrates were replaced by MgO(110) with twofold symmetry 
expected to result in a single c-axis in-plane orientation. Hence, such epitaxial films 
provide a pathway for an extensive, systematic fundamental study of the 
magnetocrystalline anisotropy as a function of processing conditions, alloy 
composition, temperature, etc.  
5.5.1 X-ray diffraction 
Figure 5-36 shows the X-ray diffractograms of Sm-Co/Cr thin films deposited onto 
MgO(110) substrate at different Cr-buffer deposition temperatures such as 700oC and 
300oC. The diffraction peaks are best indexed with the SmCo5 phase. In the first case 
the Cr-buffer deposition temperature was the same as before (700oC), but no strong 
diffraction peaks were found related to the Sm-Co phase. By lowering the Cr-buffer 
deposition temperature to 300oC, the intensity of the SmCo5 (2020)  peak increases 
drastically indicating that the c-axis of SmCo5 lies in the film plane. The largest peak 
in each scan arises from the substrate, the MgO(220) reflection. Due to the high 
intensity of this substrate peak the SmCo5 (3030) peak is hidden. However, it is 
possible to identify the Cr(211) peak with greater or lesser intensity in both films.  
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Figure 5-36: X-ray diffractogram of a Sm-Co/Cr film deposited on MgO(110) at 
400ºC on Cr buffers with deposition temperatures of 700ºC and 300oC (Co-K 
radiation). 
Figure 5-37 shows the experimental (2020)  pole figures of SmCo5 films 
prepared at two different Cr buffer deposition temperatures such as 700ºC and 300ºC. 
The film deposited at 700ºC Cr buffer temperature shows a weak texture. In contrast, 
the film with Cr buffer deposition temperature of 300ºC shows a unique c-axis 
alignment of SmCo5 (Figure 5-37(b)).  
5.5.2 Magnetic properties 
Figure 5-38 (a) and (b) show hysteresis loops of the two SmCo5 films on Cr-buffers 
deposited at 700ºC and 300oC. In contrast, the SmCo5 film with low Cr- buffer 
deposition temperature (300oC) shows a square hysteresis loop when measured with 
the magnetic field parallel to the easy axis (i.e., along MgO[001]). Along the hard in-
plane axis (MgO[110]) there is a very narrow hysteresis testifying good epitaxial 
growth on the Cr buffer. A small hysteresis is also maintained along the second hard 
axis ( MgO[1 10] , out-of-plane) (Figure 5-38(b)). 
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Figure 5-37: (2020) pole figures of SmCo5 films: (a) Cr buffer deposited at 700ºC 
and (b) at 300ºC;(c) corresponding (2020)  poles are represented schematically (view 
on the film plane). Peaks P1 and P2 belong to (1121) and (200) planes of SmCo5 and 
MgO, respectively, parallel to the film plane.  
The SmCo5 film with high Cr-buffer temperature (700ºC) shows nearly isotropic 
in-plane magnetic properties (Figure 5-38(a)). The out-of-plane axis sustains 72% of 
the remanence of the easy axis and hence the film displays a poor magnetic texture. 
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TEM might be helpful to understand the Cr-buffer microstructure against its 
deposition temperature. 
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Figure 5-38: Magnetic hysteresis for Sm-Co/Cr//MgO(110) samples measured upto 
9T in a VSM prepared on a (a) 700oC and (b) 300oC Cr-buffer. 
5.5.3 TEM investigations 
Figure 5-39 shows a typical cross-sectional TEM image of a SmCo5 film on a Cr-
buffer deposited at 700oC. The interface between Cr and MgO substrate is quite 
straight, while that between Cr and SmCo5 is rather wavy. The grain size of Cr is of 
the layer thickness.  
Special attention was focused on the interface between Cr and Sm-Co. The 
HRTEM image and the FFTs of certain grains are shown in Figure 5-40. The 
following orientation relationships between MgO, Cr and SmCo5 are found: 
5MgO(110)[001]||Cr(100)[001]||SmCo (1120)[1 102]  
The first orientation relationship between MgO and Cr was frequently observed in 
the film. It should be noted that this orientation relationship is crystallographically 
equivalent to that given in Figure 5-24 and 5-25. 
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Figure 5-39: Cross-sectional TEM image of a Cr/Sm-Co film on MgO(110) substrate 
with a Cr-buffer deposited at 700oC, beam direction parallel to MgO[100]. 
To find irregularities in the Cr-buffer layer, a chemical analysis was carried 
out on very thin areas in the film. Figure 5-41 shows a series of energy-filtered images 
clearly revealing Cr absence in certain areas of the MgO surface. This can lead to the 
formation of impurity phases destroying the hard magnetic properties. EDX analysis 
of some grains has shown that the Sm/Co ratio is nearly 1:5.  
The cross-sectional TEM image of a SmCo5 film on MgO(110) with a Cr-
buffer deposited at 300oC is shown in Figure 5-42(a). The composite SADP is shown 
in Figure 5-42(b). Two symmetrical orientatios of the Cr-buffer are schematically 
presented in Figure 5-42(c). The reflections of Cr in the SADP shown in Figure 
5-42(b) can be interpreted as a superposition of two diffraction patterns with the same 
[01 1]  zone axis having a twin relationship characterized by 180º rotation about the 
film normal. The epitaxial relationship found is: 
5MgO(110)[001] || Cr(211)[0 11] || SmCo (10 10)[0001]  
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Figure 5-40: (a) Cross-sectional HRTEM image of the Cr/MgO interface of a film 
with Cr-buffer deposition temperature of 700oC. Corresponding FFTs of different 
regions indicated in (a) belong to (b) MgO, (c) Cr-orientation 1, (d) Cr-orientation 2, 
(e) Sm-Co, (U = unknown phase).  
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Figure 5-41: Energy-filtered images of a Sm-Co thin film with a Cr buffer deposited at 
700ºC on a MgO(110) substrate showing areas on the MgO surface uncovered of Cr. 
(a) Zero loss bright-field image recorded with a 5 eV energy selecting slit, (b) oxygen 
map, (c) Cr map, (d) Co map. 
In this case, the SmCo5 layer is single-oriented with the c-axis aligned along Cr[01 1]  
in the film plane. The geometrical misfits between SmCo5 and Cr along Cr[01 1] and 
Cr[111]  directions are as small as 2.6% and -0.04%, respectively. 
 
Figure 5-43(a) shows a HRTEM image obtained from a SmCo5 film deposited 
onto Cr/MgO(110) substrate with Cr-buffer deposition temperature at 300ºC. 
Computed FFTs from MgO, Cr, Sm-Co orientation 1 and 2 are shown in Figure 
5-43(b) to (e), respectively. Cr(211) buffer is parallel to MgO(110) substrate, which is 
consistent with the results from X-ray diffraction. The FFTs also show that Cr[111]  
and Cr[011] , which are two orthogonal directions in the (211) plane, are parallel to 
MgO[1 10]  and MgO[001], respectively. The geometrical misfits along MgO[1 10]  
and Mg[001] are −10.7% and -4%, respectively. It seems that the epitaxial orientation 
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of the Cr film grown on the MgO(110) substrate is not only determined by a smaller 
lattice misfit, but also by the coincidence of close-packed directions across the 
interface. This may explain why the Cr(211) plane grows on the MgO(110) substrate 
in spite of the large misfit when compared with the case of Cr(100) on MgO(110). 
The overall orientation relationships can be described by:  
SmCo(1 100)[0001] || Cr(211)[011] || MgO(110)[001]  
5SmCo (0001)[1 100] || Cr(211)[0 11] || MgO(110)[001]  
All orientation relationships between MgO, Cr and SmCo5 observed in this 
work are summarized in Table 5-5 and 5-6. 
 
 
 
Figure 5-42: (a) Cross-sectional bright-field image of a Sm-Co film with a Cr buffer 
deposited at 300ºC on MgO(110) substrate, (b) composite SADP, (c) two symmetrical 
Cr-buffer orientations. 
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Figure 5-43: (a) Cross-sectional HRTEM image of the MgO/Cr/Sm-Co interface 
region as shown in Figure 5-42. (b) - (e) FFTs from different areas in the film show 
their orientations. 
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Table 5-5: Schematic representation of orientation relationships between MgO, Cr 
and SmCo5 for films deposited on MgO(110).  
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Table 5-6: Orientation relationships between MgO, Cr, SmCo5 deposited onto 
MgO(110) substrate and room temperature lattice mismatch between different 
orientations found in this work. 
 MgO Cr SmCo5 nd1 ≈ md2 
21
21
mdnd
)md-2(nd
+
 
(110)[001]  (100)[001]  
 2dMgO(001) ≈ 3dCr(100) -1.8% 
I 
   MgO Crd (110) d (010)≈  3.4% 
(110)[001]  (211)[0 11]  
 MgO Crd (001) 2d (0 11)≈   4% 
II 
   MgO Crd (110) 2d (111)≈  -10.7% 
 
(100)[001]  (1120)[1 102]  
5Cr SmCo
d (010) d (1 101)≈  
-1.5% 
III 
   
5Cr SmCo
d (001) 2d (1 102)≈  
-7.5% 
 
(211)[011]  (1100)[0001]  
5Cr SmCo
2d (011) d (0001)≈  2.6% 
IV 
   
5Cr SmCo
3d (111) 2d (1120)≈  
-0.04% 
 
(211)[0 11]  (0001)[1 100]  
5Cr SmCo
2d (0 11) d (1 100)≈  
-6.1% 
V 
   
5Cr SmCo
3d (111) 2d (1120)≈  
-0.04% 
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6  Summary 
 
A decade after the discovery of rare earth nickel borocarbides they continue to be 
materials of new and interesting physics, even providing a greater insight into the 
nature of the superconducting state, and in particular its interaction with magnetic 
effects. The uniqueness of this series of materials has yet to be challenged, but at the 
same time their comparability with aspects of superconductivity in almost all other 
classes of superconducting materials (cuprates, MgB2, heavy fermion 
superconductors, ferromagnetic superconductors…..) keeps them highly relevant in 
this field.  
Although many detailed studies have been reported on these compounds in 
polycrystalline bulk form or in single crystals, only few papers are present in the 
literature on thin films and characterization of YNi2B2C. Therefore, in this work high 
quality epitaxial thin film samples of the representative borocarbide compound 
YNi2B2C (nonmagnetic) were fabricated, extensively characterized, and investigated 
from the stand point of their microstructure and texture and its relation to physical 
properties. 
In the case of YNi2B2C thin film deposited directly onto MgO(100) substrate 
an Y2O3 interfacial reaction layer of about 150 nm exists at the interface. With the 
intention of eliminating the formation of this reaction layer and other impurity phases, 
two types of buffer layers were used. In the first case, YNi2B2C thin films deposited 
on an Y2O3 buffer layer were successfully fabricated by PLD. In this manner, it was 
possible to greatly reduce the volume fraction of impurity phases formed during 
deposition. TEM and HRTEM investigations of the cross-sectional 
YNi2B2C/Y2O3/MgO sample indicate that YNi2B2C grows in the [001] direction, 
while the Y2O3 buffer layer exhibits columnar growth in both [001] and [111] 
directions, with the [001] growth being preferred. Some of the orientations 
determined by texture analysis are also found in TEM. An artificial Y2O3 buffer 
improves the superconducting properties due to suppression of impurity phases as 
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well as the epitaxial growth of YNi2B2C, i.e. by decreasing the number of 
orientations. Therefore, good epitaxial growth of borocarbides (one specific 
orientation) requires suppression of the [111] axis alignment of Y2O3. In future, the 
MgO substrate should be replaced by Y2O3 single crystals. This may further improve 
the quality of YNi2B2C films. In the second case, iridium was used as buffer for 
YNi2B2C deposition. Among the various metallic materials suitable for use as a 
buffer, Ir is a good candidate because it is stable at high deposition temperatures. The 
lattice parameter of Ir lies between that of MgO and YNi2B2C. However, Ir diffuses 
into the YNi2B2C layer and deteriorates the superconducting properties of the film. 
Future work should concentrate on lowering the deposition temperature in order to 
decrease the diffusivity. However, this should not conflict with optimal texture 
formation of borocarbide films. 
The second part of this work focuses on the characterization of Sm-Co thin 
films deposited onto a Cr/MgO(100) substrate. A SmCo3 film prepared at a substrate 
temperature of 700oC shows small kinks in the magnetic hysteresis loop. This 
anomalous behaviour may be explained by the formation of cobalt precipitates 
identified by cross-sectional TEM and EDS. The texture of SmCo3 besides two c-axis 
in-plane orientations, is characterized by four 60º out-of-plane orientations giving rise 
to a less magnetic anisotropic behaviour. As the grains with out-of-plane orientation 
were found next to Co precipitates, they seem to be the origin of these texture 
components. Thus, high-temperature deposition of SmCo3 films is not favourable. 
In order to find the minimum deposition temperature of SmCo5 films, films 
were deposited at 370oC and 400oC with a pulse repetition rate of 5 Hz. TEM reveals 
that the film prepared at a substrate temperature of 370oC contains a large volume of 
amorphous phase in the SmCo5 film. Increasing the deposition temperature to 400oC, 
the film is totally crystalline. The SmCo5 (1120)  film is characterized by two 
orthogonal c-axis in-plane orientations, their epitaxial orientation relationships were 
determined. The correlation between microstructure and magnetic properties were 
studied. The optimum deposition temperature for the PLD process to maximize 
coercivity is 400oC.  
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Finally, to break the fourfold symmetry of MgO(100) yielding two orthogonal 
c-axis in-plane orientations of SmCo5, the substrate was replaced by MgO(110). 
However, now the deposition temperature of the Cr buffer plays an important role. To 
find out an optimum Cr-buffer deposition temperature, SmCo5 films were deposited at 
400ºC on Cr-buffers prepared at deposition temperatures of 700oC and 300oC. The 
SmCo5 film on a Cr-buffer deposited at 700oC shows that the Cr-buffer layer 
predominantly grows with the (100) planes parallel to film plane and hence 
corresponding SmCo5 grows with the c-axis tilted 42o with respect to the (100) planes 
of Cr nearly parallel to [110]. This results in two orthogonal in-plane orientations. 
This unexpected orientation of SmCo5 on Cr/MgO gives rise to isotropic magnetic 
properties. In addition, island growth of Cr takes place at high temperature deposition. 
These results suggest that high temperature deposition of Cr-buffer on MgO(110) 
substrate is not favourable to achieve complete uni-axial in-plane alignment of the c-
axis of SmCo5. Decreasing the Cr-buffer deposition temperature to 300oC, a single c-
axis in-plane orientation of SmCo5 is generated.  
All orientation relationships determined in this work are analyzed in termas of 
the coincidence site lattice model. This model was originally based on a simple 
geometric description of grain boundaries by only considering the number of 
coincident sites. Hetero-interfaces, which form during the epitaxial growth of systems 
with large lattice misfit, were also discussed in the literature within the framework of 
coincidence. However, in these papers (see e.g. Vispute et al. 1995) only the fitting of 
corresponding lattice planes on both sides of the interface is considered and this fact is 
given as an elementary explanation for the epitaxial alignment (domain matching 
epitaxy). To understand the unexpected epitaxial behaviour in large-misfit systems by 
applying an extended coincidence site model, a more detailed structure investigation 
is necessary. Thus, further investigations should focus on how this structural 
deterioration causes the magnetic properties of the film to deviate from those of bulk 
Sm-Co crystals. 
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